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ABSTRACT

This thesis explores the improvement of adhesive properties on carbon fibre
reinforced epoxy composites, specifically MTM44-1, through the application of
atmospheric pressure plasma (APP) treatments. The study aims to address the
critical challenge of enhancing the adhesion of composite surfaces by
investigating both thermal and non-thermal plasma techniques. A comprehensive
analysis of plasma treatment uniformity, temperature effects, and treatment

speeds has been conducted.

Special emphasis is placed on the removal of silicone contamination, from mould
release agents, a common barrier to effective adhesion. Current industrial
approaches often struggle to fully eliminate silicone contamination, which
severely limits adhesive bonding on composite surfaces. Plasma has the
potential to remove silicone contamination, while also improving the surface

energy, prior to adhesion.

Another consideration in this study has been to the speed of plasma treatment.
One of the barriers to using adhesion to bond composites in the industry is the
time it takes to pre-treat surfaces prior to adhesion.

This study aims to also investigate the relationship between treatment time and
surface energy, especially as APP can be easily integrated into a manufacturing
processes, compared to traditional plasma surface treatment. This is due to the

lack of vacuum which saves time, space and often energy in the process.

Various plasma generation methods were explored, including microwave, radio
frequency (RF), and Dielectric Barrier Discharge (DBD), to treat the composite
surfaces. This allowed for a variety of different plasma feed gases to be used

including nitrogen, argon and a mixture of fluorinated gas and argon.

Surface characterisation was conducted using X-ray photoelectron spectroscopy
(XPS) to assess the chemical composition of the treated surfaces, while water
contact angle (WCA), surface energy measurements and lap shear testing were
used to evaluate the effectiveness of the treatments in promoting adhesion. The

results demonstrate that plasma treatments significantly enhance the surface



energy of the composites by removing surface contaminants, particularly silicon
containing release agents, while also altering the surface chemistry to promote

better adhesive bonding.

The work also evaluates the impact of processing parameters such as treatment
speed and gas flow rates on surface modification efficiency and surface
temperature, particularly when considering thermal radio frequency (RF) plasma.

Keywords:

Atmospheric pressure plasma, silicon contamination, composites, surface
energy, adhesion, Surface Engineering, aerospace composites, non-thermal

plasma, thermal plasma.
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1 Introduction

The aerospace industry is a key player in driving up advancements in engineering
and technology, significantly influencing global transportation, defence, and
economic development. In the UK alone, the sector boasts an annual turnover of
£35 billion, largely driven by foreign exports, and employs over 120,000 skilled

workers with wages significantly above the national average (1)

One of the critical challenges in aerospace engineering is the need to reduce the
weight of aircraft to improve fuel efficiency and reduce environmental impact. This
has led to a growing interest in the use of composite materials, which offer high

strength and stiffness at a fraction of the weight of traditional metallic materials

).

Composites have transformed the aerospace industry by facilitating the
production of lighter, stronger, and more fuel-efficient aircraft. The application of
composite materials has expanded beyond military use to become integral in
commercial aviation, with modern aircraft such as the Airbus A350 and Boeing
787 incorporating substantial amounts (over 50% by weight) of these materials
into their structures (3).

These materials provide several advantages over traditional metals, including
superior strength-to-weight ratios (3-7 higher compared to steel, 80% lighter),

enhanced fatigue resistance, and improved corrosion resistance (2,4).

The use of composites in aerospace applications also presents some challenges.
Composites can often be expensive in raw materials. The manufacturing
processes for composites can also be expensive and complex. Composite
manufacturing can be labour intensive making it more expensive or simply take

much longer to produce(5).

The aerospace industry is one of the few remaining industries that use machining
in the final assembly (6). However traditional joining methods for metals, such as

fastening can result in failure within composites (7).
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The slow uptake of bonding to join components together is due to a number of
reasons, a primary one is that surface adhesion can result in failure at the
interface (8). As a result, when composite components are bonded together, they
require extra material to be glued on top to reinforce the joint (9). This adds extra

weight, material costs, complexity and time.

To prevent interface failure before adhesion, joining preparation is required.
However, it can also be costly and time consuming to prepare the surface with
the current techniques available (6,10). Surface contamination, from release
agents used within the manufacturing process can also reduce the strength of
bonds (11-14).

Surface treatments, particularly plasma treatments, could be effective in
enhancing the adhesion properties of composites. While atmospheric pressure
plasma (APP) treatments have already shown to be able to modify composite
surfaces for improved adhesion (15—-48) there remains a significant gap in fully
understanding and optimising plasma removal of silicon and/or silicone
containing release agents (47,48). Silicon based contamination, a persistent
challenge in industrial settings, particularly in aerospace composites, hinders
bonding processes and reduces the effectiveness of adhesive joints(49). Current
methods, including plasma treatments, have not yet achieved complete removal

of silicon contamination (47,48).

Additionally, research into the thermal effects of plasma treatments on the surface
and bulk properties of composites is necessary. Plasma treatments, particularly
at atmospheric pressure, generate heat, which could affect the integrity of
composite materials. Studies involving continuous thermal monitoring during
plasma treatments could help establish thresholds for safe operation while

ensuring effective surface modification.

More studies are necessary to establish the ideal balance between processing
speed, contamination removal, and surface energy modification. Additionally,
understanding the aging effects of plasma-treated surfaces will be crucial for

industrial applications. Plasma-treated surfaces can experience hydrophobic
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recovery over time, reducing their improved adhesive properties, so long-term

stability studies are essential (15,16).
1.1 "Aim
The aim of this work is to improve the adhesive quality of composite surfaces

using atmospheric pressure plasma.

This involves evaluating both silicon contaminated and uncontaminated surfaces,
considering the effects of temperature, treatment speed, the use of different
plasma torches, and feed gases. The goal is to optimise plasma treatments for
better removal of surface contaminants like silicon release agents, enhancing

surface energy and improving adhesion.

1.2 Objectives
To achieve the above aim, several key objectives are outlined.

1. Investigate the use of both non-thermal and thermal plasma to increase
the adhesion properties of composites.

2. Measure the impact of plasma parameters on surface energy through a
series of liquid contact angle measurements.

3. Measure the impact of short and long term (hours/days/months) aging
effect of plasma processing surface energy parameters through a series
of liquid contact angle measurements.

4. To understand the ideal treatment speeds in plasma processing, in a
trade-off between time of process and effectiveness and how this affects
uniformity of plasma treatments, surface chemistry and adhesion strength

5. To investigate the use of plasma processing treatment to remove silicone

contamination.
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1.3 Overview of thesis

This thesis aims to contribute to the current research on aerospace composites
by enhancing the adhesive quality of composite surfaces using atmospheric
pressure plasma. The study will explore both silicon-contaminated and
uncontaminated surfaces, examining the effects of variables such as

temperature, treatment speed, different plasma torches, and feed gases.

The research aims to optimise plasma treatments for effective removal of surface
contaminants like silicon release agents, evaluate treatment uniformity, and
identify changes in surface chemistry. Shear strength testing will also be

employed to assess the adhesion of samples post plasma processing.

1. Introduction

This chapter outlines the motivation and objectives of the study, highlighting the
challenges in improving the adhesive properties of composite surfaces. It
discusses the need to optimise atmospheric pressure plasma treatments for
improved effective contamination removal, specifically focusing on silicon based
agents. The chapter provides an overview of key research objectives, setting the
context for the subsequent literature review, methodology, and experimental

analysis.

2. Literature Review

This chapter explores published literature to provide a comprehensive review of
the techniques currently explored to improve adhesion of aerospace composites.
It begins with describing the role of composites in the aerospace industry,
examining their evolution, applications, and benefits. It discusses fibre-polymer
composites, including carbon-fibre-reinforced polymers (CFRPs) and the related
adhesion challenges. Surface treatment techniques, with a focus on plasma
based methods, are explored. The chapter concludes by identifying gaps in
existing literature, such as the need for improved plasma treatments to remove

silicon contamination and optimise surface energy.
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3. Method

For materials used, the CFRP composite material substrates and silicone release
agent employed are described, as well as the coating techniques. Various plasma
generation methods (microwave, dielectric barrier discharge, and RF plasma) are
outlined, along with their effects on surface topography. The chapter also
describes the surface analysis techniques, such as XPS, SEM-EDS, ToF-SIMS,
surface energy measurements, and water contact angle analysis. The study’s
approach to plasma treatment speeds and surface roughness evaluation is

discussed, providing a framework for the experiments.

4. Results and Discussion

The results begin with the analysis of silicon contamination coating thickness and
chemical composition using SEM-EDS and ToF-SIMS. The effects of microwave
plasma treatments, including surface wave-launched microwave plasma (SWL-
MP) and microwave-induced power plasma (MIPP), on composite surfaces are
discussed, highlighting their impact on surface energy and exploring the
possibility for contamination removal. The effectiveness of dielectric barrier
discharge (DBD) plasma in modifying surface energy and removing silicon
contamination is evaluated. The chapter also covers the role of RF-ICP plasma
in surface modification, detailing changes in surface energy, silicon removal and
adhesion. These results are then discussed and compared to previous studies
and other literature which may explain, support or contrast this work. The

mechanisms behind the results are discussed and how this impacted the study.

5. Conclusions

A summary of the key findings of this research. It emphasises the effectiveness
of atmospheric pressure plasma treatments in improving the adhesive properties
of composite surfaces. The study concludes that optimising plasma parameters,
such as treatment speed and gas composition, significantly enhances

contamination removal and surface energy, leading to better adhesion.
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6. Future Work

Future research directions are covered in the section, including more detailed
heat studies to understand thermal effects during plasma treatment. Further SEM
and XPS analyses are recommended to explore the changes in surface
morphology and chemistry. The chapter also proposes investigations into
treatment speed optimisation, the effects of aging on treated surfaces, scaling up
plasma treatment methods, and tailoring gas concentrations for more effective

contamination removal.
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2 Literature Review

This literature review aims to provide a comprehensive overview of the current
state of research and development in the field of aerospace composites, the
adhesion of these composites, surface preparation techniques for adhesion and

plasma treatment.

The review will focus 4 key topics followed by an exploration of the research gap.

1. The Use of Composites in the Aerospace Industry

This section explores the significance of composite materials in aerospace,
starting with their historical development and evolution. It discusses how
composites have become integral to modern aircraft design due to their high
strength-to-weight ratio, corrosion resistance, and flexibility in fabrication. The
section also highlights the benefits and impacts of composites in enhancing
aircraft performance, reducing fuel consumption, and offering innovative design

solutions

2. . Fibre-Polymer Composites for Aerospace Applications

This section delves into the different types of fibre-polymer composites used in

aerospace, focusing on

e Carbon-fibre-reinforced composites,
e Thermoset polymers

e Carbon fibre-epoxy composites.

It examines their unique properties, such as high tensile strength and thermal
stability, which make them ideal for aerospace applications. The discussion also
covers the manufacturing processes and the advantages of using these materials

in high-performance aerospace components.
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3. Joining and Adhesion of Aerospace Composites

This part reviews traditional and modern techniques for joining composite
materials in aerospace. It highlights challenges in achieving reliable adhesion due
to the surface chemistry of composites and introduces surface energy as a key
factor influencing adhesive bonding. Additionally, it discusses barriers to
adhesion, including surface contaminants and the use of silicone release agents,

which can inhibit bonding effectiveness.

4. Surface Treatment of Composites

A review of the various surface treatment methods used to enhance the adhesion
properties of composite materials is carried out. It focuses on plasma treatments,
discussing their role in modifying surface chemistry and roughness to improve
bonding. Recent advancements in plasma processing, including atmospheric
pressure plasma, are examined for their potential in effectively removing
contaminants like silicon containing release agents and enhancing composite

surface energy.

5. Summary & Research Gap

The section summarises the key findings from the literature review, emphasising
the importance of surface treatments in improving composite adhesion. It
identifies gaps in current research, particularly the need for optimised
atmospheric pressure plasma treatments to effectively remove silicon
contamination and enhance surface energy. This sets the stage for the study's
objectives to address these gaps through comprehensive plasma treatment

investigations.
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2.1 The Use of Composites in the Aerospace Industry

2.1.1 The Historical Context and Evolution of Composite Materials

The military were first to significantly use modern composites in Aerospace as
early as the 1940s, in radomes which are dome-shaped structures, designed to
protect radar equipment without interfering with signal transmission. They then
moved on to secondary structures and internal aircraft components in the 1970s
(50-53). These early applications demonstrated the potential of composites to

provide unique solutions that traditional materials could not offer.

As the benefits of composites became more apparent, their use expanded
beyond military applications. The aerospace industry began to explore the
potential of composites for various structural components. The transition from
metallic materials like aluminium, iron, and steel to composites was driven by the
need for materials that offered high strength, stiffness, corrosion resistance, and
fatigue resistance while being significantly lighter (2). This shift was crucial in
addressing the industry’s ongoing challenge of reducing the weight of aircraft to

improve fuel efficiency and reduce environmental impact.

The Airbus A380, introduced in the early 2000s, airframe contains over 20% (by
volume) composite materials, including wings, fuselage sections, tail surfaces,
and doors made from carbon fibre and glass fibre reinforced polymer composites
(50,54) The use of composites in the Airbus A320 also demonstrated substantial
weight savings, with 800 kg saved compared to equivalent parts made with

aluminium alloys (50).

It is estimated that for every kilogram reduction in weight of an aircraft, there is
approximately £700,000 savings over the life of an aeroplane (55)

The economic and environmental benefits of composites have driven their

adoption in the aerospace industry (56).
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2.1.2 Current Applications of Composites in Aerospace

The aerospace industry has increasingly embraced composite materials due to
their superior properties and the significant advantages they offer over traditional
metallic materials. Composites, particularly fibre-reinforced polymers, have
become integral to modern aircraft design and manufacturing, providing

numerous benefits that enhance performance, efficiency, and sustainability(57).

The use of composites exists throughout an aircraft structure, including the
airframe, interior components, engine and even secondary structures, as

displayed in Figure 2-1.

Use of Composites in
Aircraft

Fuselage

Fairings, flaps,
and ailerons

Engine
Components
-Fan Blades and Cases Cabin Interior
-Nacelles and Thrust Seats, overhead bins, and
reversers partitions and floor panels

Figure 2-1 Diagram detailing locations of aircraft components which contain

composites. Diagram drawn by the author using information from (58-61).
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For instance, the Boeing 787 Dreamliner and the Airbus A350 XWB feature
fuselages made predominantly from carbon fibre reinforced polymer (CFRP)

composites (58,59).

Advanced composites are used in the fan blades and cases of jet engines. For
example, the GE90 engine, used in the Boeing 777, features fan blades made
from carbon fibre composites(61). Composites are also used in the construction
of engine nacelles (thrust reversers). Composites are used in secondary

structures such as fairings, flaps, and ailerons (60).
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2.1.3 Impacts and benefits of the use of Composites in Aerospace

One of the most significant benefits of using composites in aerospace is the
reduction in weight. Composites have a high strength-to-weight ratio, which
means they can provide the necessary structural strength while being much
lighter than traditional materials like aluminium and steel as detailed in Table 2-1.
This weight reduction translates to improved fuel efficiency, lower emissions, and

reduced operating costs(56,57).

Table 2-1 displaying the density and strength of various materials including

composite fibres(62,63) .

Density (kg/m3) Tensile Strength (MPa)
Polypropylene 900 400
Polyester 1,380 1,100
Titanium 4,500 950
Mild steel 7,800 450
High tensile steel 7,800 1,600
Glass fibre 2,550 3,000
GFRP 2,110-2,700 480-1,600
Aramid 1,450 3,000
AFRP 1,390-1,450 1,720-2,540
Carbon fibre 1,900 3,000
CFRP 1,550-1,760 1,720-3,690

While the initial cost of composite materials and manufacturing processes can be
higher than traditional materials, the long-term cost savings are significant. This
weight reduction translates to lower fuel costs and improved operational
efficiency. The reduced weight of composite materials also contributes to

efficiency and lower operational costs. Airlines can achieve higher payload
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capacities and longer flight ranges without increasing fuel consumption. This
efficiency is particularly beneficial for long-haul flights, where fuel costs constitute
a significant portion of the operating expenses(3,64—66).For instance, the use of
composites in the Airbus A320 resulted in a weight saving of 800kg (out of an
average Maximum Zero Fuel Weight between 55300kg compared to equivalent

parts made with aluminium alloys (58).

Composites offer superior mechanical properties, including high tensile and
compressive strengths, excellent fatigue resistance, and superior stiffness.
These properties enhance the overall performance of the aircraft, allowing for
better manoeuvrability, higher payload capacity, and longer service life
(58,59,61,67,68). Unlike metals, composites are resistant to corrosion, which is
a significant advantage in the aerospace industry. This resistance to corrosion
reduces maintenance costs and extends the lifespan of aircraft components,
contributing to overall cost savings(59,61,67).

Composites can also be moulded into complex shapes and structures, allowing
for aerodynamic designs (67). In addition to the benefits of composites in weight
reduction and thus reducing usage and expense of fuel, composites can help
aircraft operators save money on future maintenance costs, as the material is
resistant to rust and corrosion. As a result, an Airbus A350 XWB requires 50%
fewer structural maintenance tasks. The threshold for airframe checks is 12
years, compared to the A380 of 8 years (58,68,69).

It is also worth noting that composites have excellent impact resistance and
energy absorption properties, which enhance the safety of aircraft. In the event
of an impact, composite materials can absorb and dissipate energy more
effectively than metals (67,70). For metals, a predominant single crack is the most
common failure mechanism. On the other hand, in composite materials there are
four basic failure mechanisms: fibre breakage, delamination, cracking and
interfacial debonding(71). Considering failure tests on CFRP alone, beams have
been able to withstand 20,000 up to 12,000,000 load cycles(4,72,73). They also
have potential for self-healing or to be easily repaired with emerging technologies
(74,75).
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2.2 Fibre-Polymer Composites for Aerospace Applications

Regardless of the fibre material, two fundamental components define a

composite’s properties:

1. Areinforcement phase, whose orientation governs the mechanical attributes.
2. A continuous matrix, which provides the composite’s overall shape,

environmental resistance, and certain physical/chemical properties.

Reinforcements may be particulate, fibrous, or laminate (76—78), with fibres being
the most common for high-performance applications. Fibre-polymer composites
consist of a polymer matrix reinforced with fibres, producing materials that are
both lightweight and strong. The matrix holds the fibres in place, facilitates load
transfer, and provides protection from environmental factors. Meanwhile, the
fibres impart strength and stiffness, making such composites especially valuable
in aerospace applications where weight reduction and high performance are

paramount.

Reinforcement agents can be aramid, basalt, carbon, glass, or polyethylene,
among others, each conferring unique advantages such as corrosion resistance,
conductivity, or high-temperature stability (79-82). For instance, glass fibres are
widely chosen for larger-scale, lower-cost structures such as wind turbine blades;
carbon fibres suit aerospace and transport sectors requiring high strength and
stiffness; and aramid fibres excel in defence applications needing energy

absorption (83). These differences are detailed in Table 2-2.

2.2.1 Carbon-fibre reinforced composites

Among fibre-reinforced composites, carbon fibres—often manufactured from
polyacrylonitrile  (PAN) or pitch via oxidation, carbonisation, and heat
treatments—provide an optimal balance of high modulus, low weight, and
excellent fatigue resistance (74,75). Consequently, they are the material of
choice for primary and secondary aerospace structures and engine components,

where elevated temperature tolerance and mechanical robustness are crucial.
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Table 2-2 General comparison of Fibre Types commonly used in composites with

data from (66,79,81,84)

Property Carbon Fibres Glass Fibres Aramid Fibres

Strength-to-Weight Ratio | High Moderate High

Stiffness High Moderate Moderate

Fatigue Resistance Excellent Good Good

Impact Resistance Moderate Moderate High

Thermal Conductivity High Low Low

Electrical Conductivity High Low Low

Cost High Low High

Applications Primary and | Larger, lower- | Ballistic
secondary cost structures, | protection, rotor
structures, secondary blades, structural
engine structures, components,
components interiors interior

components
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2.2.2 Thermoset Polymers

Polymers play a crucial role in fibre-polymer composites, serving as the matrix
that binds the reinforcing fibres together and transfers loads between them. The
choice of polymer significantly influences the properties and performance of the
composite material. In aerospace applications, two main types of polymers are
used: thermoset polymers and thermoplastic polymers. Each type has distinct
characteristics that make it suitable for specific applications. The material of the
dispersed reinforcement agent can grant the composite desirable characteristics
such as corrosion resistance, conductivity, and temperature resistance(79-82).

Thermoset polymers are a class of polymers that irreversibly cure to form a rigid
structure. This curing process involves a chemical reaction, often initiated by
heat, radiation, or a catalyst, which creates a cross-linked network of polymer

chains. Once cured, thermoset polymers cannot be remelted or reshaped.

The matrix phase of a composite is usually a thermoset polymer (a plastic that is
irreversibly hardened (85)), due to the high-performance output at a lower

production cost.

Thermoset polymers can withstand high temperatures without deforming, are
resistant to a wide range of chemicals, including solvents, have high mechanical
strength and stiffness (due to polymer crosslinking) and maintain their shape and
dimensions under load and temperature variations(86—88).

Epoxy resins are widely used in aerospace composites due to their excellent
mechanical properties, adhesion, and chemical resistance. They are commonly
used in primary and secondary structures, such as fuselage sections, wings, and
control surfaces. They offer high strength, stiffness, and thermal stability. They

also provide good fatigue resistance and environmental durability(87,89,90).

38



2.2.3 Carbon Fibre- Epoxy Composites

Carbon fibre reinforced polymer (CFRP) composites, particularly those with
epoxy resin matrices, have gained widespread adoption across various industries
due to their exceptional mechanical properties, lightweight nature, and corrosion
resistance (91,92). These materials offer a unique combination of high strength-
to-weight and stiffness-to-weight ratios, making them desirable for applications

where weight savings and performance are critical factors.

Carbon fibres, the reinforcing phase in CFRP composites, are derived from
precursor materials such as polyacrylonitrile or pitch. The manufacturing process
involves oxidation, carbonisation, and high-temperature treatment to produce the
desired carbon fibre properties (84). Epoxy resins, on the other hand, are
thermosetting polymers that serve as the matrix material, providing a medium for
transferring loads to the carbon fibres and protecting them from environmental
factors (93).

Various manufacturing techniques, including hand lay-up, resin transfer
moulding, vacuum-assisted resin transfer moulding and prepreg processing, can
be employed to fabricate CFRP components. Prepreg processes involves
impregnating the carbon fibre reinforcement with the epoxy resin, followed by

curing under controlled temperature and pressure conditions. (94-96).

Carbon fibre epoxy composites exhibit exceptional mechanical properties,
including high tensile and compressive strengths, excellent fatigue resistance,
and superior stiffness. These properties make them suitable for a wide range of
applications in industries such as aerospace, automotive, wind energy, and

sporting goods (97-99)

In the aerospace industry, CFRP composites are used in the construction of
aircraft components, including fuselage sections, wings, tail structures and
landing gear, contributing to weight reduction and improved fuel efficiency (58—
61).
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The automotive sector has also embraced CFRP composites for manufacturing
body panels, chassis components, and other structural elements, enabling

lightweighting and enhanced performance(57,100,101).

Although there are many serious benefits for using CFRP, care needs to be taken
as they are susceptible to various failure mechanisms, including fibre breakage,
matrix cracking, delamination, and impact damage. These failure modes can
significantly compromise the structural integrity and performance of the

composite material (102,103).

It also potentially makes composites vulnerable with traditional joining methods.
As heat can cause fibre breakage and delamination they may need to be also

carefully managed for changes in heat. (100).
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2.3 Joining and Adhesion of Aerospace Composites

The joining and adhesion of composite materials are critical aspects of aerospace
engineering. As composite materials become increasingly prevalent in the
aerospace industry, effective joining techniques are essential to ensure the
structural integrity and performance of composite components. This section
explores the various methods used to join composite materials, the challenges
associated with these methods, and the advancements in adhesive bonding

technologies that enhance the reliability and efficiency of composite structures.

The aerospace sector is a key player in the advancement of structural materials
and processing. Due to large scale of aircraft, several components are needed to
be joined together. There has been an increased interest in the joining of
aerospace materials over the years due to the desire to improve the quality of
joints while also reducing cost and lead times(104-106).

2.3.1 Traditional Joining Practices

Mechanical Fasteners and other traditional joining practices form a major role in
the joining of aerospace components. With metallic aerospace materials, there
are a variety of different welding options available to join two structures together.
These include, but are not limited to, laser beam welding, friction stir welding,

fusion joining, laser blown powder and laser powder bed fusion(106,107).

For composites, aerospace structures present unique challenges due to their
inherent properties, such as anisotropy, low surface energy (<60 mJ m-2)(108),
and susceptibility to delamination. Traditional joining techniques have been
adapted and modified to accommodate the specific requirements of composite
materials(100).

Mechanical fastening techniques, such as bolting and riveting, are widely used
for joining composite components in aerospace structures. For the Airbus A320
each orbital joint combining the centre and fuselage sections with the tail,
contained 3000 rivets(109). On the Boeing 777 fuselage, 60,000 rivets are used
(110).
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These techniques involve drilling holes through the composite laminates and
securing them with fasteners. Drilling holes in composite laminates can introduce
stress concentrations, delamination, and fibre breakage, potentially
compromising the structural integrity (7) .

To mitigate the risk of delamination and stress concentrations, specialised
fasteners and installation procedures are employed which increases cost and
complexity. Additionally, reinforcing materials, such as metal or composite
inserts, are often incorporated into the laminate during manufacturing to improve

bearing strength and load transfer (111).

The mismatch in coefficients of thermal expansion between the fasteners and the
composite material can lead to thermal stresses and potential joint failure under
cyclical thermal loading conditions. When dissimilar materials are used (e.g.,
metal fasteners with carbon fibre composites), there is a potential for galvanic
corrosion, leading to degradation of the joint over time. The use of mechanical
fasteners adds weight to the structure, which is particularly undesirable in
applications where weight efficiency is critical, such as in aerospace and

automotive industries (111-114).

Welding techniques have been adapted for joining composite materials,
particularly for thermoplastic composites. Techniques such as induction welding,
resistance welding, and ultrasonic welding have been explored for joining

thermoplastic composite components (111).

These techniqgues rely on localised heating and consolidation of thermoplastic
matrix material to create a fusion joint. Welding techniques for composite
materials, particularly thermoplastic composites, face challenges related to heat
management and potential degradation of the matrix material or reinforcement
fibres. Excessive heat input can cause matrix degradation, fibre damage, and

residual stresses, adversely affecting the joint strength and integrity (115).

Additionally, welding of thermoset composites is generally more challenging,
costly and may require specialised techniques, process control or surface

preparation steps. Material compatibility is a key concern, as these techniques
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are less suited to thermoset composites which cannot be remelted. Surface
preparation, while not as demanding as for adhesive bonding, still requires
attention to ensure cleanliness and compatibility, adding to the process time.
Additionally, component designs must accommodate the welding process,
considering the accessibility of the weld area to the energy source and the need
for materials at the joint interface that are compatible with the welding method,

which can sometimes limit design flexibility and material selection (111)

Hybrid joining techniques combine the advantages of different methods, however
they can also inherit the disadvantages of each individual technique. For
example, a hybrid joint combining adhesive bonding and mechanical fastening
may still be susceptible to stress concentrations around the fastener holes and
environmental degradation of the adhesive bond. Furthermore, the design and
analysis of hybrid joints can be more complex, requiring careful consideration of

the interactions between different joining methods (116).
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2.3.2 Adhesive Bonding

Adhesive bonding is a widely adopted joining technique for composite materials
in aerospace applications. It involves using structural adhesives to join composite
components, offering uniform stress distribution, and minimising stress
concentrations (111,117,118).

The adhesion properties of polymer composites are an important consideration
in the manufacturing process due to their use in complex structures. Several
mechanisms play a key role in the adhesion process including mechanical
interlocking, diffusion, electrostatic attraction, adsorption, and molecular forces
(111,117,118).

A key challenge in polymer adhesion is the need for adhesive pretreatment to
improve the wettability properties of the surface(119). Proper surface preparation,
such as peel-ply removal (120), solvent cleaning(121), or plasma treatment(47),
is crucial for achieving strong and durable adhesive bonds with composite

materials.

Moulding and other manufacturing techniques of composites produce silicon
containing release agents at the surface (37,105,106). These agents hinder the
bond strength at the surface and hence need removal before bonding techniques
(47,122,123).

Many preparation techniques can be slow, difficult to apply uniformly, result in
secondary contamination, such as solvent wipe or grit blasting, or require high
power consumption, such as non-contact flame treatment or corona
discharge(124) .

The ISO 17212:2012 (125) standard provides guidance on surface preparation
of metals and plastics prior to adhesive bonding. For example, the standard
proposes several methods of cleaning such as alkaline cleaners for oil removal,
solvent use for paint removal and ultrasonic cleaning. They detail that to achieve
optimum environmental durability for an adhered surface, three sequential steps
are needed: removal of contaminants, physically induced modification of the

surface and chemical treatment(125). Atmospheric plasma treatment has been
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shown to either achieve, or eliminate the need for, one or more of these
steps(126).

Composites UK produces several good practice guides for the handling and
production of composites, useful for the aerospace sector. For example, ‘Joining
of fibre-reinforced polymer composites’ Written by TWI Ltd and funded by the
National Composites Centre. This document details advice on joining processes

available and gives recommendations on how they should be carried out(126).

It states that energetic pretreatments of polymers and polymer composites are
effective methods which change the material surface texture through interaction
with highly energetic species. Inert gases, such as argon, are particularly
advantageous in the plasma cleaning of surfaces. Other gases such as ammonia,
nitrogen and oxygen can also be particularly advantageous(126).

If the plasma has enough energy, it may clean the surface through the
displacement of surface contaminates. It can also ablate surfaces contaminated
through surface degradation. Another advantageous treatment includes the cross
linking of the surface preventing weak boundary layer formations. Plasma
treatment of a surface may also lead to the introduction of oxygen containing
groups such as carbonyl, increasing surface wettability(68,127).
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2.3.2.1 Mechanisms of Adhesion

Adhesion describes the attraction between the two different phases of materials
and there are multiple theories which explain adhesion. It can be assumed that
adhesion occurs due to various factors including mechanical interlocking,
physical, and chemical bonding. There are also various forces responsible for
intermolecular interactions such as covalent bonds, weak van-der Waals forces,
dipole-dipole interactions, etc (128). The adhesion properties of polymer
composites are influenced by several mechanisms, including mechanical
interlocking, diffusion, electrostatic attraction, adsorption, and molecular forces,

as displayed in Figure 2-2.
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Figure 2-2 describing several key mechanisms of adhesion relevant to polymers

and/or epoxy composites. Diagram drawn by the author with information from
(128-132).

46



Diffusion is where polymers in contact interdiffuse, allowing an adhesive polymer
to entangle with a polymeric substrate so that the initial boundary is eventually
removed [92], [94]

Mechanical interlocking occurs when the adhesive fills into cavities at the surface
of a material, creating a physical bond. This can be affected by the roughness of

the composite material.

Electrostatic Attraction is when opposite charges on the adhesive and substrate
surfaces attract each other, forming an electrostatic bond. Surface treatments
that modify the surface charge can enhance electrostatic attraction and improve
adhesion. (130,132).

The Physical Adsorption Theory, also known as dispersive adhesion, includes
van der Waals forces across an adhesive-adherent interface. van der Waals
forces involve attractions between permanent dipoles, induced dipoles, or
temporary dipoles. A dipole refers to a pair of opposite electrical charges or
magnetic poles that are separated by a small distance. In the context of
molecules, a dipole occurs when there is an uneven distribution of electrical
charge, leading to one part of the molecule being slightly positive and another
part being slightly negative. This difference in charge creates a polarised
molecule, with the two "poles” being the positive and negative ends, as displayed
in Figure 2-2. Dipoles can arise from the way atoms share electrons in a bond,
especially when different atoms have different attractions for electrons. There are

three types of van der Waals interactions(129-132).

e Permanent Dipole-Dipole Interactions: Involve the attraction between two
molecules with permanent dipoles. The potential energy depends on their
separation distance.

e Dipole-Induced Dipole Interactions: A dipole in one molecule can cause a
nearby non-polar molecule to develop a dipole. The strength of this
induced dipole depends on how easily the non-polar molecule can be
influenced and the strength of the electric field around it.

e Dispersion Forces: Arising from temporary dipoles caused by fluctuations

in electron distributions

a7



Lastly, the chemical bonding theory of adhesion explains that adhesion between
materials occurs through the formation of chemical bonds (e.g. covalent, ionic, or
hydrogen bonds) at the interface between the adhesive and the substrate. These
bonds enable strong attachment at the molecular level, and their type and

strength can vary based on the materials involved.

The strongest of these interactions would usually be the attraction between
positive and negative ions, known as ionic bonding. In adhesives, ionic bonding
can occur between charged groups in the adhesive and ions on the surface of
the material. This type of bonding, however, is more relevant for adhesives used
on metal surfaces, rather than composites, where charged carboxyl groups in the

adhesive can form ionic bonds with metal ions.

The second strongest interaction would be the formation of covalent bonds.
These occur when atoms share electrons. In adhesives, covalent bonds form
between reactive groups in the adhesive and specific functional groups on the
surface of the material (substrate). For example, silane coupling agents often
form strong Si—O covalent bonds with surfaces like glass or metal oxides, which
increases adhesion. Another example is isocyanate adhesives, which can form
covalent bonds with hydroxyl groups in wood or paper. These bonds require a lot

of energy to break, making them a reliable mechanism for adhesion.

Although weaker than both covalent and ionic bonds, hydrogen bonding works
particularly well in materials such as wood, paper, or textiles which contain
hydroxyl (-OH) groups. Another weaker interaction is the Lewis acid-base
interactions, where an acid (electron acceptor) reacts with a base (electron
donor)(128,132).
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2.3.3 Surface Energy

Surface energy is the excess energy associated with the atoms or molecules
present at the surface of a material compared to those within the bulk. This
excess energy arises due to the unbalanced forces acting on the surface atoms
or molecules, leading to different properties and behaviours compared to the
interior of the material(133,134).

Surface energy plays a vital role in determining many physicochemical properties
of materials, such as wettability(133), adhesion(135) and catalytic activity(134).

It is a key factor in phenomena like capillary action and adsorption(136,137).

The concept of surface energy was introduced by Thomas Young in 1805(138),
and it was further developed by Josiah Willard Gibbs in the late 19th century.
Gibbs established the thermodynamic foundations of surface energy and
introduced the concept of surface tension, which is directly related to surface
energy(139).

Surface energy is typically expressed in units of energy per unit area (e.g. J/m?
or mJ/m?). The surface energy of a material depends on various factors, such as
the chemical composition, surface structure, orientation, and environmental

conditions (e.g., temperature, pressure, and surrounding medium)(140-145).

The most common method to measure and calculate surface energy is liquid
contact angle measurements. This method relies on the relationship between the
surface energies of the solid and liquid phases, and the contact angle formed by
a liquid droplet on the solid surface(146). This experimental method is explained

further in section 3.6.2

Contact angle measurements are commonly used to characterise the surface
energy of the reinforcement and matrix materials, as well as to assess their
compatibility and wettability. A low contact angle indicates good wetting and a
high work of adhesion, which is desirable for strong interfacial bonding. Surface

treatments can modify the surface energy to improve compatibility(147).
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Contact angle measurements and surface energy play a crucial role in the study
and development of composite materials. In composites, the interface between
the reinforcement (e.g., fibres, particles) and the matrix is of utmost importance,
as it determines the overall mechanical properties and performance of the
material(148,149).

The surface energy of the reinforcement and matrix phases governs their
wettability and interfacial adhesion, which are key factors in achieving a strong
and durable composite. Poor wettability and weak interfacial bonding can lead to
poor stress transfer between the phases, resulting in reduced mechanical
properties and potential failure of the composite bonding(128).

2.3.3.1 Surface Chemistry

The surface chemistry of a material is intrinsically linked to its surface energy.
The surface energy stems from the imbalance of intermolecular forces
experienced by surface atoms or molecules compared to those in the bulk, due
to the termination of bonds at the surface. This imbalance is governed by the
chemical composition, atomic arrangement, and bonding characteristics at the
surface (150,151). Surfaces with highly polar functional groups, such as hydroxyl
(-OH) or carboxyl (-COOH), tend to exhibit higher surface energies due to strong
intermolecular interactions like hydrogen bonding (152).

Surface reconstruction and relaxation are phenomena associated with the
rearrangement of surface atoms in materials to achieve a lower energy state.
Surface reconstruction involves changes in the arrangement of atoms at the
surface of a material compared to its bulk structure. This process can lead to new
geometric and electronic configurations at the surface. Reconstruction can
significantly alter the surface energy by creating a more stable surface
configuration. The reorganisation of atoms reduces the overall energy of the
surface, which is a driving force for the reconstruction process. Surface relaxation
refers to the displacement of surface atoms from their ideal bulk positions,
typically resulting in the contraction or expansion of the topmost atomic layers.
Relaxation affects surface energy through changes in atomic spacing and

coordination at the surface. In general, atoms at the surface seek to minimise
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their energy by adjusting their positions, leading to a more stable surface
structure with altered surface energy (153). This however is applied to metals,
hence does not apply to polymer composites because the materials' structures
and bonding characteristics are fundamentally different.

When considering polymer matrix composites, surface chemistry dictates the
relative contributions of different intermolecular forces to the overall surface

energy:

e Dispersive Forces: These are the non-polar interactions that emerge from
momentary dipole-induced dipole attractions, primarily dictated by the
material's surface composition.

e Polar Forces: Stemming from the electrostatic attraction between
permanent dipoles, these forces are significantly influenced by the
presence of polar functional groups or ionic species within the composite
material(154).

» Hydrogen bonding: Arising from the attractive force between a
hydrogen atom, which is covalently linked to an electronegative
atom (such OH or NH groups) within one molecule, and another
electronegative atom (like O, N, or F atoms with a lone pair of
electrons), either from a separate molecule (intermolecular) or
within the same molecule (intramolecular). This type of bonding is
a specific subset of polar interactions and is crucial in many polymer
matrix composites(155,156).

e Acid-base interactions: Involving electron acceptor-donor interactions, the
presence of acid or base sites on the surface of the composite components
facilitates these interactions, which can significantly influence the

interfacial bonding and, hence, the properties of the composite(157-159).
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2.3.3.2 Surface Topography

The effect of surface roughness on surface energy is complex and can lead to
various outcomes depending on the material, the scale of the roughness, and the

environmental conditions.

An increase of surface area due to roughness can result in a higher surface
energy, as more atoms or molecules are exposed. This is in line with Young's
eqguation regarding the relationship between surface energy and contact angle on
ideal, smooth surfaces. However, as detailed by Wenzel (161) when roughness
is introduced, the actual area over which intermolecular forces act increases,

potentially elevating the surface energy.

The presence of surface roughness can lead to different wetting regimes (Wenzel
and Cassie-Baxter states), which are directly influenced by surface energy. In the
Wenzel state, the liquid conforms to the rough surface, which can amplify the
inherent surface energy characteristics of the material, making hydrophilic
surfaces (Surfaces with water contact angles above 90°) more wettable and
hydrophobic (Surfaces with water contact angles below 90°) surfaces less so. In
contrast, the Cassie-Baxter state, where air pockets are trapped under the liquid,
can effectively reduce the surface energy interaction with the liquid, enhancing
hydrophobicity.

The chemical reactivity of a surface is significantly influenced by its surface
energy, which is in turn affected by surface roughness. Increased surface area
due to roughness can enhance the reactivity of a surface by providing more active
sites for chemical reactions. The surface energy influences the types of reactions

that can occur and their rates, as higher energy surfaces might be more reactive.

Surface roughness can influence adhesion and friction through mechanical
interlocking and the modification of surface energy interactions at the interface.
Rough surfaces can enhance mechanical interlocking, potentially increasing
adhesion if the materials are able to conform to each other's roughness
features(161-163).
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2.3.4 Barriers to Adhesion

When bonding two composite surfaces together, several barriers can hinder
effective adhesion and impact the integrity of the joint.

A difference in surface energy of two surfaces, as previously mentioned, can
result in poor wetting and adhesion. This mismatch in surface energy can be
attributed to the differences in surface chemistry between the two phases (108)
The nature and strength of interfacial interactions, such as van der Waals forces,
hydrogen bonding, or chemical bonding, play a crucial role in determining the
adhesion strength. This can be due to the lack of compatible functional groups or
the presence of contaminants at the interface. (108,164,165). Kim and Mai (148)
highlighted that weak interfacial interactions between the composite surfaces and

the adhesive can result in premature failure.

Surface topography and roughness play a crucial role in determining the
adhesion strength when bonding composite surfaces. Proper surface roughness
is essential for achieving good mechanical interlocking and increasing the
effective contact area between the adherends, which enhances the adhesion
strength. However, an inadequate or excessive surface roughness can act as a

barrier to achieving strong adhesion.

In regard to composites specifically, it has been noted that surface pits or
inadequate roughness can lead to poor adhesion, particularly in aerospace
applications where composite bonding is widely employed. Mechanical
pretreatments, such as peel-ply removal and plastic bead blasting, can
significantly increase the surface roughness, leading to improved adhesion

strength due to enhanced mechanical interlocking (166—168) .

The effect of surface roughness on adhesion strength is influenced by various
factors, including the composite material properties, the adhesive used, and the
bonding conditions. However, excessive surface roughness can also be
detrimental to adhesion. Excessively rough surfaces can lead to a decrease in

the real contact area between the adherends, resulting in reduced adhesion
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strength. It has been proposed an optimal roughness range for maximising the

interfacial shear strength in polymer composites(169,170).

The surface topography can also influence the wetting behaviour and the ability
of the adhesive to penetrate and fill the surface irregularities. In addition to
mechanical interlocking, surface roughness can also affect the formation of
chemical bonds between the composite surfaces and the adhesive (165,171).

Environmental factors such as exposure to harsh environments, such as
moisture, temperature extremes, or certain chemicals, can degrade the bonded
interface and weaken the adhesion between the composite surfaces (172-174)
The presence of impurities, such as oils, moisture, or other contaminants, at the
bonding interface can act as barriers to adhesion, preventing direct contact
between the composite surfaces (173)

During the bonding process or in service conditions, residual stresses can
develop at the interface due to differences in thermal expansion coefficients or
curing shrinkage of the adhesive. These residual stresses can lead to debonding

and interfacial failure (175)

The compatibility between the composite surfaces and the chosen adhesive can
significantly influence the adhesion strength. It is important to therefore chose
appropriate adhesives and surface treatments to ensure strong and durable

bonding between composite materials (117,176)
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2.3.5 Release Agents as contamination preventing adhesion

In composite manufacturing, achieving a clean separation between the mould
and the material is crucial to ensure the integrity and quality of the final product.
Release agents are employed to prevent bonding between the composite
material and the mould surface. These agents are vital in ensuring that composite
components, such as those fabricated from carbon fibre, fibreglass, or various
polymers, can be easily removed from moulds without causing damage. In the
absence of release agents, materials would adhere to the mould surface, leading
to defects and making part removal significantly more challenging.

The primary purpose of release agents is to form a non-stick barrier between the
mould and the composite material. However, residual release agent that remains
on the surface of the moulded part after demoulding can interfere with adhesion.
This is particularly problematic in applications where the composite part must be

bonded to another surface, painted, or coated(177).

Release agents are designed to be chemically inert or low-reactivity substances,
which means that if any residue is left behind, it can prevent strong chemical or
physical bonds from forming on the part's surface. Whether through
contamination or a thin, invisible layer of the release agent, the adhesion
properties of the surface can be compromised, leading to weaker bonds and/or
coating failures(178,179)

Even when using high-quality, semi-permanent release agents, some amount of
residue may be transferred from the mould to the composite part. This residue
can inhibit surface wetting, which is essential for effective adhesion of paints,
coatings, or adhesives. After demoulding, if the surface is not properly cleaned to
remove all traces of the release agent, it can interfere with subsequent bonding
processes. This is especially true for parts that require strong adhesion for
structural purposes or surface coatings. In some cases, intricate or complex
mould designs can lead to uneven application of the release agent, which might
result in patchy coverage or excessive accumulation in certain areas. This can
leave a thicker residue that is harder to remove, ultimately impacting
adhesion(177,179,180).

56



2.4 Composite Surface Treatment

Surface treatment is a critical aspect of composite material processing,
particularly in the composites industry. Proper surface treatment enhances the
adhesion properties of composites, ensuring strong and durable bonds between
different components(181) This section explores the various surface treatment
techniques used for composites, the importance of surface treatment for
adhesion, and the challenges and solutions associated with these processes.

The manufacturing processes of CFRP results in release agent contamination,
this reduces the bonding strength of CFRP with an adherent(47). To completely

remove the contaminant, a suitable pre-treatment method needs to be chosen.

2.4.1 Surface treatment techniques

Composite surface treatment involves modifying the surface of composite
materials to improve their adhesion properties. This can be achieved through
various techniques, each tailored to address specific challenges and
requirements. The primary goal of surface treatment is to enhance the surface
energy, cleanliness, and roughness of the composite material, thereby improving
its ability to bond with adhesives, coatings, or other materials.

This method needs to be fast, easy to use and reproducible. It should result in a
surface with high surface energy to be primed for good adherence to the
surface(182). Common techniques for the surface treatment of composites

include sanding, peel ply, plasma treatment and chemical etching.

2.4.1.1 Sanding

Sanding is a widely used mechanical abrasion method for surface preparation of
CFRP composites before adhesive bonding or coating applications. The abrasive
action of sanding helps to increase the surface roughness, which can enhance

mechanical interlocking and improve adhesion strength.

In addition to mechanical interlocking, sanding can also influence the surface
chemistry and wettability of CFRP composites, which can affect adhesion.

However, excessive sanding or the use of coarse abrasives can also be
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detrimental to adhesion. In addition, sanding produces dust, which is undesirable
for bonding, so solvent cleaning is usually performed as an additional treatment
step (183).

Prasad et al (36) in collaboration with the author, studied the effects of combining
sanding with plasma treatment on the adhesion of CFRP to an epoxy adhesive.
The results found that the combination of sanding and subsequent atmospheric
plasma treatment significantly improved both the surface energy and lap shear

strength compared to sanding alone.

2.4.1.2 Peel Ply

Peel ply can be used as a protective layer, or as a method of surface preparation.
The use of a peel ply layer is to cover the surface of a composite prior to bonding
to protect the surface from contamination and damage. The layer is removed

before adhesion, modifying the surface in the process (169,182).

With the advantages of peel ply, comes disadvantages such as being difficult to
remove and not producing a surface as appropriate for bonding as those pre-
treated with mechanical abrasion. While the removal of the layer results in a
roughened surface, the roughness shapes from the peel ply can in fact,
negatively impact the adhesion process(169,184).

The surface roughness achieved by peel ply removal can be highly variable and
dependent on factors such as the type of peel ply used, the curing conditions,
and the removal technique. Inconsistent surface roughness can lead to
inconsistent adhesion properties, making it challenging to achieve reliable and
reproducible bonding performance(185).

The elemental composition of a surface treated with a peel ply layer depends on
the composition of the peel ply itself, and the way it was applied. Polyester,
polyamide and glass are the three main categories of peel ply. Some peel ply
fabrics are surface finished with lubricating coatings. These include fluorocarbon
or silicon containing compounds to ease the release of the layer from the

composite surface. (169,184). The advantage of these surfaces becoming easier
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to remove, can be outweighed with the disadvantage of these finishes being left

on the surface as contaminant (169,186).

In some cases, additional surface treatments, may be required to activate the
surface and promote chemical bonding between the composite and the adhesive
or coating. While peel ply removal can provide some degree of surface
roughness, the level of mechanical interlocking achieved may be insufficient for
applications requiring high adhesion strength. In such cases, additional surface
preparation techniques, such as abrasion or chemical etching, may be necessary

to enhance mechanical interlocking and improve adhesion (187).

The removal of peel ply can sometimes lead to surface damage, such as fibre
fracture or resin delamination, particularly in areas with complex geometries or
sharp corners. This surface damage can compromise the structural integrity of
the composite and adversely affect adhesion properties. Peel ply can also contain
the use of release agents to counteract this effect, which further increases the

need for further surface treatments(184,188).

The use of peel ply also results in further waste material, which may raise
environmental concerns, especially as there still needs to be improvements and

research to be conducted in the field of composite recycling(189).

2.4.1.3 Wet chemical etching

Wet chemical etching involves using chemical solutions to remove surface
contaminants and modify the surface structure of materials(190). This process
can increase surface roughness and improve the surface for bonding. Given its

liquid based application, it can be suitable for complex shapes and surfaces(191).

The composite is immersed in a chemical solution, or the solution is applied to
the surface. The chemicals react with the surface, removing contaminants and
altering the surface structure(192). This can potentially remove contaminants and
create a highly reactive surface(193,194). However, the chemicals used can be
hazardous and pose both environmental and health risks. Proper safety
measures and waste disposal procedures are essential(195-197).
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2.4.1.4 Plasma Treatment

Plasma, a term to describe the fourth state of matter, is where not only do
molecules can move freely akin to gas but are also ionised. Although in practice
there will unlikely be complete ionisation of a gas. It consists of a complex mixture
of electrons, ions, radicals, and neutral species, offering a unique environment

for chemical and physical interactions with surfaces (198).

Plasma treatment involves exposing the composite surface to a plasma
environment, which modifies the surface chemistry and increases surface

energy. It can also introduce functional groups that enhance chemical bonding.

Contact-based processes, such as sanding or solvent cleaning can lead to
uneven treatment and potential damage to the substrate. Solvent cleaning can
leave residues and may not uniformly clean complex geometries. Plasma
treatment is a non-contact process that can uniformly treat surfaces, including
complex geometries and delicate materials(199). Other treatment methods are
often limited in their ability to tailor surface properties for specific applications.
Chemical etching, for example, is typically material specific and may not be

suitable for all substrates (200).

Plasma processes can be accurately monitored using in situ plasma diagnostic
instruments. Plasma treatment is versatile and can be customised by adjusting
parameters such as gas composition, pressure, power, and exposure time. This

flexibility enables precise control over surface properties(199).

Plasma treatment can be performed at both low and high temperatures, making
it compatible with heat-sensitive materials. This is particularly important for
applications involving polymers that may degrade or deform under high

temperatures, or under the influence of certain chemicals or solvents (201-203).

Plasma treatment in the past typically took place inside a vacuum(204), however
atmospheric pressure plasma has also been well researched and used in past

few years, which will be further explored in section 2.4.3.
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2.4.2 Plasma for Surface Modification

Surface modification techniques play a crucial role in tailoring the properties of
materials for various applications across diverse industries, including biomedical,
electronics, automotive, and aerospace (27,205). Among the available
techniques, plasma treatment has emerged as a versatile and efficient method
for altering the surface characteristics of materials without significantly affecting
their bulk properties (206)

Plasma surface modification involves exposing the material's surface to a
controlled plasma environment, where the energetic species present in the
plasma can induce chemical reactions, etching, deposition, or crosslinking,
depending on the specific process parameters and the nature of the material
(207,208). This technique has gained significant attention due to its ability to
modify surface properties such as wettability, adhesion, chemical functionality,
and biocompatibility (209,210).

The effectiveness of plasma surface modification stems from the highly reactive
nature of the plasma species, which can interact with the surface at the atomic or
molecular level. These interactions can lead to the formation of new functional
groups, the removal of contaminants, or the creation of a roughened or textured
surface, all of which can significantly impact the material's performance in various
applications (33,211,212)

Mechanical abrasion and chemical etching primarily increase surface roughness
to improve adhesion. However, these methods may not introduce new functional
groups that enhance chemical bonding. Plasma treatment can introduce a variety
of functional groups (e.g., hydroxyl, carboxyl, amine) onto the surface,

significantly enhancing wettability and adhesion properties(201-203).

New functional groups on the surface of the material form through chemical
reactions with reactive plasma species, as displayed in Figure 2-3. Groups, such
as hydroxyl (-OH), amine (-NH2), carboxyl (-COOH), or fluorine (-F), can
significantly alter the surface properties, including wettability and chemical

reactivity(160). However, these functionalised surfaces are often not permanently
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stable. The introduced groups may gradually become inactive due to surface
rearrangement, contamination, or environmental exposure. Depending on
storage conditions and material type, the activity of these groups can diminish
within hours to days, with some studies reporting a half-life of surface functionality

on the order of 24 to 72 hours.

Plasma crosslinking is a process where chemical bonds form between surface
molecules due to plasma treatment, which enhances the material’s mechanical
strength, chemical resistance, and heat resistance. This technique is particularly

beneficial for polymers surfaces making them tougher and more durable(213).

Plasma Processing

Monomers Plasma
PN polymerised
[
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Figure 2-4 illustrating the process of plasma polymerisation. On the left,
monomers are shown above a polymer surface enriched substrate, representing
the initial phase before plasma processing. In the centre, the plasma field is
highlighted, where the monomers are exposed to plasma energy. On the right, the
resultis depicted with a polymerised layer formed on the substrate, demonstrating
how plasma processing transforms the surface by creating a stable, polymerised

coating. Diagram drawn by the author using information from (214)

Plasma can also play a role in polymerisation at the surface, or deposition of
materials. This involves depositing a thin film on the surface by breaking down
precursor molecules in the plasma, as demonstrated in Figure 2-4. This can
create a protective or functional coating that can make a surface water-resistant,
chemically inert, or better suited to specific environments, depending on the

material used (214).
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2.4.2.1 Vacuum Plasma

The plasma sources and processes employed for surface modification are
diverse, each offering unique advantages and capabilities. The selection of the
appropriate plasma source and process depends on factors such as the material

to be treated, the desired surface properties, and the scale of the application.

Low-pressure plasma systems operate at reduced pressures, typically below
atmospheric pressure These systems include glow discharge, capacitively
coupled, and inductively coupled plasma reactors. Low-pressure plasmas are
characterised by their high density of reactive species and controllable

parameters, making them suitable for precise surface modifications (215,216).

2.4.2.2 Atmospheric Pressure Plasma

For composite surface treatment, time and cost are key players in choosing a
surface treatment method. Atmospheric pressure plasma systems operate at
ambient pressure, eliminating the need for vacuum chambers and offering
advantages such as continuous processing, reduced equipment costs, and the

ability to treat complex geometries (215)

The choice of plasma source and process parameters, such as gas composition,
pressure, power, and exposure time, significantly influences the nature and
extent of surface modification achieved. Careful selection and optimisation of
these parameters are crucial for tailoring the surface properties to meet the

specific requirements of the intended application (209).

2.4.2.3 DBD Plasma

Among the various atmospheric pressure plasma sources, dielectric barrier
discharge (DBD) plasmas have gained significant attention for surface
modification applications due to their versatility, scalability, and ability to operate

at atmospheric pressure (217).

A DBD setup typically consists of two electrodes separated by one or more
dielectric barriers, such as glass, quartz, or ceramic materials. When a high
voltage (typically a few kilovolts) is applied between the electrodes, the dielectric

barrier prevents the formation of a direct spark or arc discharge. Instead,
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numerous short-lived micro discharges are generated, forming a uniform glow-
like plasma (218).

The dielectric barrier acts as a current limiter, allowing for stable and uniform
plasma generation without the need for complex external circuitry. DBD plasmas
can be operated in various configurations, including planar, cylindrical, or
coplanar geometries, allowing for treatment of diverse substrate shapes and
sizes (219).

The plasma chemistry in DBD systems is highly dependent on the feed gas
composition, which can range from inert gases (e.g., helium, argon) to reactive
gases (e.g., oxygen, nitrogen, air) or precursor gases for specific surface
modifications. The energetic electrons in the plasma ionise and dissociate the
feed gas, generating a complex mixture of reactive species, including ions,

radicals, and excited molecules (220).

These reactive species can interact with the surface of the material being treated,
leading to various surface modification mechanisms, such as etching, activation,
functionalisation, and deposition. The low-temperature nature of DBD plasmas
allows for treatment of heat-sensitive materials, making them suitable for
applications in the biomedical, packaging, and textile industries (25).

DBD systems can be scaled up for treating large surface areas or continuous
web processing. By varying the feed gas composition and process parameters,
DBD plasmas can achieve a wide range of surface modifications, including

wettability alteration, Functionalisation, and deposition of thin films.

One of the primary benefits of oxygen DBD plasma is its ability to remove
contaminants and weak boundary layers from surfaces, thereby improving
roughness and reactivity. This process significantly enhances surface adhesion,
making it ideal for industries like electronics, coatings, and automotive, where

strong material bonding is essential.

One of the standout benefits of DBD plasma is its antimicrobial and sterilisation
capabilities. The combination of reactive species, UV radiation, and charged

particles in DBD plasma treatments effectively inactivates a wide range of
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microorganisms making it a highly efficient tool in healthcare environments.
Although the antimicrobial properties are less relevant to composite adhesion,
the high UV content itself can benefit the effects of polymer crosslinking, and
surface functionalisation (202,221).

Air Plasma

Among the various gas compositions used in DBD systems, air plasmas have
gained significant interest due to their cost-effectiveness, environmental
friendliness, and the ability to generate a wide range of reactive oxygen and
nitrogen species (222).

Air DBD plasmas are generated by applying a high voltage (100v and above)
across a gap filled with ambient air. The plasma ionises and dissociates the
molecular oxygen and nitrogen present in air, leading to the formation of various
reactive species, including ozone (0O3), atomic oxygen (O), hydroxyl radicals
(OHs-), singlet oxygen (102), nitrogen oxides (NOx), and excited nitrogen species
(N2*) (223).

Oxygen containing DBD plasma is also highly effective at introducing functional
groups, such as hydroxyl (R-OH), carbonyl (C=0), carboxyl (-COOH) and amine
(R-NH2), to material surfaces. DBD plasma also induces crosslinking within

polymeric materials (224).

Nitrogen Plasma

Nitrogen DBD plasmas, generated by using nitrogen gas or nitrogen-containing
gas mixtures as the feed gas, offer unique advantages and capabilities for surface
modification applications.

In nitrogen DBD plasmas, the high-energy electrons collide with nitrogen
molecules (N2), leading to their dissociation and ionisation. This process
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generates a variety of reactive nitrogen species, including atomic nitrogen (N),

excited nitrogen species (N2*), and nitrogen oxides (NOXx) (223,225).

Other nitrogen-containing species include amine groups (R-NH2), imines
(C=N)(226), and nitro compounds (R-NO2). Arnold et al (227) found that
introducing nitro groups to the surface of carbon fibres significantly increases
hydrophobicity. The water contact angle of fibres rose from 98.4° to 123.1°, after
being functionalised with nitrophenyl groups. When these nitro groups were
reduced to amines, the WCA decreased to around 99.9°, which was more
hydrophilic than the nitrophenyl enriched surface, but similar to that of virgin
fibres. Despite the increase in hydrophobicity due to nitro and perfluorinated alkyl
groups, all surface chemistries demonstrated an increase in interfacial shear
strength. The study challenges the belief that increased surface polarity always
directly correlates with enhanced adhesion. The presence of these groups,
especially amines, can facilitate cross-linking with polymer matrices, enhancing

adhesion properties

Ren et al (228) used hydrazine hydrate to modify glycidyl methacrylate (GMA)
grafted polyacrylonitrile (PAN) fabrics. Hydrazine reacts with the epoxy groups in
GMA, resulting in a more hydrophilic surface due to the introduction of amino

groups.

2.4.2.4 Microwave Plasma

In recent years, microwave plasma has emerged as a promising technique for
surface modification, offering unique advantages over traditional plasma sources.
Microwave plasmas are generated by the interaction of microwave
electromagnetic radiation with a gaseous medium, typically at a frequency of 2.45
GHz (229)

Microwave plasma systems typically consist of a microwave source (e.g., a
magnetron or a solid-state generator), a waveguide or resonant cavity for
transmitting and confining the microwave energy, and a plasma chamber where

the gas is ionised and sustained as a plasma (230).
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Microwave plasmas offer several advantages over other plasma sources. They
produce a high-density plasma, typically in the range of 0.1-10 mm™3, enhancing
the reactivity and efficiency of surface modification processes. Operating at lower
pressures, from tens of millitorr to a few torr, allows for more efficient control of
plasma chemistry by minimising collisional deactivation of reactive species.
Another significant advantage is their electrodeless operation, which avoids
contamination from electrode materials and allows for the treatment of complex
geometries. Additionally, microwave plasmas achieve a high degree of ionisation,
resulting in a substantial concentration of reactive species, such as ions, radicals,
and excited molecules, further enhancing their effectiveness in surface treatment
applications (231-234).

Microwave plasmas can induce various surface modification mechanisms, such
as etching, activation, functionalisation, and thin film deposition, depending on
the process parameters and precursor gases used. These mechanisms can be
useful for a variety of applications, including those previously mentioned in
section 2.4.2 and 2.4.2.3.

2.4.2.5 Radio Frequency Thermal Plasma

Radio frequency (RF) plasmas, operating at frequencies typically in the range of
kilohertz to megahertz, have emerged as versatile tools for surface modification
across various industries. The ability to generate high-density plasmas and the
wide range of operating pressures make RF plasmas suitable for a variety of

surface treatment applications.

RF plasmas are generated by applying an alternating current (AC)
electromagnetic field at radio frequencies, typically 13.56 MHz (the industrial
standard frequency) or its harmonics, across two electrodes in a vacuum
chamber (235)

The oscillating electric field accelerates the electrons in the gas, which gain
sufficient energy to ionise the gas molecules through collisions, leading to the

formation of a plasma. The electrodes in an RF plasma system can be configured
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in different geometries, such as parallel plate, cylindrical, or more complex

shapes, depending on the application and the desired plasma characteristics.

RF plasmas are characterised by their high plasma density, typically in the range
of 0.001 — 1 mm3, and their ability to operate over a wide range of pressures.
The plasma density and the flux of reactive species can be controlled by adjusting
the applied power, pressure, and gas composition. (230,236)

The reactive species generated in an RF plasma, such as ions, radicals, and
excited molecules, can interact with the surface of the material being treated,

enabling various surface modification mechanisms.

RF plasmas are used for surface cleaning, activation, and functionalisation in
various industries, such as automotive, aerospace, and packaging (203,204,237)
in the fabrication of integrated circuits, microelectromechanical systems (MEMS),

and optoelectronic devices (230,238)

Argon Plasmas

Argon, being an inert gas, has long been used as a carrier gas or a diluting agent
in various plasma processes. However, argon plasmas themselves can also play

a crucial role in surface modification.

Argon plasmas are typically generated by ionising argon gas using various
plasma sources, such as capacitively coupled, inductively coupled, or
microwave-based systems. The primary reactive species in argon plasmas are
argon ions (Ar+), metastable argon atoms and energetic electrons (230).

Argon plasmas can induce physical etching/sputtering, surface activation and thin
film deposition (24,238,239)

Silicon contamination, often from silicone based mould-release agents like
Chemlease EZ 41-90, significantly affects the surface chemistry of epoxy
samples, particularly when subjected to plasma treatments. These contaminants
can interfere with the plasma's ability to modify the surface, influencing the

outcomes of XPS analyses and the material's overall properties(49).
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Silicon-based groups such as Si-O and Si-CH3 dominate the surface(240),
creating a hydrophobic layer. The Chemlease layer impacts wettability and
adhesion(240-242), reducing the effectiveness of plasma treatments. Argon
plasma may have a marginal etching effect [64]. partially when increased

temperatures is involved(243-245).

Fluorinated Argon RF Plasma

Fluorinated argon plasmas are created by introducing fluorine-containing gases,
such as CF4 or SFe, into argon plasma. The reactive fluorine species generated
in these plasmas, including fluorine radicals (F¢) and fluorine ions (F-), offer

unique surface modification capabilities (246) as demonstrated in Figure 2-5.

Ar
Ar + Ar

¢m¢

Figure 2-5 Displays a RF plasma (from an argon with fluorinated argon feed gases)
removing silicon layers from a surface. The Fluorine in the plasma interacts with

the silicon to produce SiFx compounds (247-249).

69



When clean silicon is exposed to atomic fluorine, a surface layer of fluorine forms
around it that may penetrate the top 1-5 monolayers. It may attack subsurface Si-
Si bonds, which will eventually release silicon in gaseous form of either SiF2 (a
free radical) or SiF4 (a stable product) as described below.

Si(s) +4F(p) - SiF4(g)
Si02(s) + 4F(p) — SiF4(g) + 02(g)

In the case of Si being masked by organic polymer layer, Argon ions can sputter
this layer, although care needs to be taken to ensure the argon does not sputter,
burn or delaminate the epoxy (247-249).

Fluorinated argon plasmas are highly effective in inducing several key
mechanisms on material surfaces. First, they enable etching and surface
modification by using reactive fluorine species to effectively remove material,
making them particularly valuable in the semiconductor industry for etching
applications. In addition to this, fluorine species introduced through plasma can
lead to surface functionalisation, where fluorine-containing functional groups are
added to the surface, thereby altering properties such as hydrophobicity,
chemical resistance, and surface energy. Lastly, fluorinated argon plasmas are
useful for the deposition of fluorocarbon-based thin films, which act as protective
coatings against corrosion, wear, and chemical attack on various substrates,

providing long-lasting surface protection(250-252).
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2.4.3 Notable Advancements of Plasma Processing for surface
treatment

Plasma surface treatment offers several significant advantages over traditional

surface treatment methods, making it an increasingly popular choice in multiple

industries, including the aerospace, automotive, electronics and biomedical field.

These benefits stem from the unique properties of plasma and its ability to modify

surfaces at the atomic or molecular level (253).

ISO standards on the methods of surface preparation before adhesion state a 3-
step process; contaminant removal, physical surface modification and chemical
treatment (125)

The 3-step process can often involve the use of abrasive cleaners and other
chemical treatments that are not only complicated but also time consuming (254).
Atmospheric pressure plasma offers an alternative treatment that has the
potential to functionally replace not just one but possibly all of these steps while
also being a relatively simple non-contact treatment method (255).

As composites often have a polymer matrix, it is important to review the effect of
plasma on both composite and polymer surfaces.

2.4.3.1 Polystyrene

Polystyrene composite is a promising, light weight polymer composite for the
aerospace industry (256,257) For example, thin film composites can be explored

to produce super hydrophobic and super paramagnetic surfaces. (258)

Arinda et al (39) modified the surface of polystyrene films using a radio frequency
oxygen plasma at 40 Pa pressure. The treatment saw a decrease in water contact
angles, especially in cases of high RF voltage. A linear trend formed where an

increase in voltage resulted in a decrease in contact angle.

Aging studies showed that across almost all voltages the contact angles were still
lower even after 5 and 10 days post treatment. RF oxygen plasma treatment

resulted in an initial decrease in contact angle ranging from 55° to 75°. The aging
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is an indication of the formation of polar groups at the polystyrene surface, C-OH

and C-O, increasing dipole-dipole interactions.

A reason for aging could be due to the air humidity allowing water to come into
contact with the surface and creating non-polar bonds. Surface morphology
measurements indicate that there is a decreased surface roughness during
treatment but not after recovery which could be the result of the contact angle

effects. Similar results have been observed in other studies. (259,260)

2.4.3.2 Acrylonitrile butadiene styrene (ABS)

Abenojar et al (261) used an atmospheric pressure air plasma of 17kHz and 20kV
to modify the surface energy of ABS. The treatment time was controlled by
placing the sample upon a speed controlled platform and changing that speed to
1, 5 or 10 m/min. An optical pyrometer measured the temperature on the material
to be less than 27°C, with there being 6mm between the torch nozzle and the
substrate. Aging was measured over 30 days for the 1m/m and 10m/m trails at

room temperature.

The results show that even at the fastest processing speed the surface water
contact angle measurement dropped about 20°. At 1 m/min the contact angle
decreased from over 70° to under 40°. Aging studies showed that 30 days had
little effect to the contact angle of the 10 m/min sample although had a large effect
on the 1 m/min sample after 20 days where contact angle rose by 10°. This
however seems to be similar to the contact angle of the 10 m/min samples. This
would imply that, if a sample would need to maintain a low contact angle over an
extended period of time, a faster treatment speed of 10 m/min would be just as

adequate as a slower treatment time.

XPS analysis shows a decrease in carbon and an increase in oxygen at the
surface of plasma modified ABS, with the 1m/min speed having a significant
effect. Even after 26 days of aging, treated samples still retain a higher O/C ratio
although this is significantly less in the case of the 1m/min sample. This is likely
a result of the degradation of carboxylic groups, carbonyl groups, C-O-H, R-O-

C=0, C-0O and C-N polar species over time.
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The prevalence of oxidation may indicate that modification is not just restricted to
the surface. Attenuated Total Reflection Fourier transform (ATR-FTIR) infrared
spectroscopy analysis indicates that the abundance of C=0, C=C and C-O
groups increases with an increase in plasma treatment. When the —CN group
reforms to N2 and N20O the modification is permanent. Here, the nitrogen based
molecules disappear as gas, and the carbon remains on the surface, contributing
to the formation of other carbonyls. Although active chemical groups remain on
the surface, new bonds are formed after plasma resulting in a decrease in surface
energy. SEM images indicate that surface treatment increases the surface

roughness of the ABS sample.

2.4.3.3 Styrene-butadiene rubber

This synthetic copolymer has similar characteristics to natural rubber. It has a
high impact strength and tensile strength. The 10-25% styrene content results in
good bonding characteristics. Styrene butadiene has improved strength, and
abrasion resistance over polybutadiene. The sulphur vulcanisation process is a
method to increase strength and stiffness by cross linking elastomer molecules.
This process is open to additional additives such as carbon black, fibre glass and

silica.

Romero-Sanchez and Martin-Martinez (119) used atmospheric air plasma to
modify the surface of synthetic sulphur-vulcanised styrene-butadiene rubber.
Two nozzle-to-surface distances were used: 5 mm and 10 mm. The speed of the
sample passing under the torch was set to 1m/min and the two distances
compared. The shorter distance was shown to improve wettability while also

removing paraffin wax from the surface.

Further study was carried out by altering the speed of the substrate as it passes
under the nozzle, thus altering the treatment time, with a 5 mm distance. Despite
the slower treatment increasing the degree of surface oxidation through the
creation of C-O bonds, the adhesion properties did not improve. This was further
supplemented though the migration of zinc stearate to the surface.
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2.4.3.4 Nylon

Nylon, particularly nylon 6, 6,6 and 12 are a group of synthetic polymers known
well in the textile industry but more recently show promise in 3D printing and
aerospace. Nylon 12 is made from either w-aminolauric acid or laurolactam
monomers. The ‘6 ‘or ‘12’ donate the number of carbons contained within the
onomers (124) Nylon 6,6 is a polyamide, a polymer derived from the
condensation reaction of carboxylic acid (-COOH) and amine (-NH2) group
containing monomers. The amide linkages form hydrogen bonds with one

another in nylon fabric (126).

Zhu et al (262) used an RF atmospheric pressure helium plasma at 10 and
13.56MHz. 2mm distance was kept between the nozzle and the sample with a
flow rate of 10 I/min and the sample was placed under the nozzle at a rate of
3mm/s. The nozzle temperature was kept at 100°C. The result was an
improvement in the hydrophobicity, adhesion to dye and surface roughness. As
expected, XPS showed that treated fibres have higher levels of oxygen content
than untreated fibres. Tensile strength tests indicated that plasma processing had
negligible effect.

Pappa et al (22) used either an acetylene or nitrogen atmospheric pressure
plasma to modify the surface of nylon 6. The study showed that both plasma
treatments resulted in an increase in surface tension of nylon fabric from 34.62
mN/m to 45.07 mN/m and 48.56 mN/m in acetylene and nitrogen treatment

respectively.

Nylon films were exposed to N2/He plasma for 9.6 seconds, where the water
contact angle, 15 days post treatment, decreased from 76.13° (in the untreated
samples) to 58.22°.

Through the addition of new reactive chemical groups such as —-COOH and —OH
on the nylon 6 fibres, the wettability of the surfaces was improved. This leads the
surface to be affected by hydrophobic recovery. The results also note that

samples with longer treatment times will still have lower contact angles one month

74



post treatment. Even samples exposed for just 0.6 and 2.4 seconds still resulted

in lower contact angles after one month than the control film.

Surface roughness was significantly increased with 876 nm for the control film to

1769mnm for the nitrogen-helium plasma treated sample after 4.8seconds.

Cui et al (263) used DBD for the treatment of nylon 6,6. Where the results
indicated that there were two stages to surface oxidation. The first stage involved
single carbon-oxygen bonds. The second stage saw these carbons double
bonded. As a result, a large drop in contact angle was observed.

2.4.3.5 Hydrophobic recovery of Carbon fibre reinforced polymers.

Liang et al (18) conducted an aging study of the long-term effects of both argon
and helium gas plasma on polypropylene membrane separators. In this case it is
the result of diffusion of low molecular weight organic matters towards the bulk of
the polymer as well as the reorientation of polymer chains. Their results taken
over 700 hours, just under a month, display the need for short term studies. Here
the bulk of the hydrophobic recovery occurred within the first 50 hours/ 2 days. It
can be observed that post 100 hours, the water contact angles plateau. This
displays the need for an extensive ‘secondary’ study over a 24 hour and 4-day

period.

Cheng et al (264) studied the aging effect of polypropylene and polyethylene
terephthalate fibres post treatment by atmospheric cold argon plasma. The gas
temperature was between 25-30°C and the treatment time was varied. This study
displays the intricacies between the treatment times and type of polymer. It also
highlights the need for longer term studies as even after 60 days some of the
samples still appear to be in the stage of hydrophobic recovery.
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2.5 Summary & Research Gap

The aerospace industry has made significant strides in the development and
application of composite materials. These advancements have been driven by

the need for lighter, stronger, and more fuel-efficient aircraft

2.5.1 Summary

Composites have enabled the production of lighter and more efficient aircraft.
Modern aircraft like the Airbus A380 and Boeing 787 incorporate significant
amounts of composite materials, leading to substantial weight savings and

improved performance.

Fibre-polymer composites, particularly those reinforced with carbon, offer high
stiffness-to-weight ratios, excellent fatigue resistance, and improved corrosion
resistance. These properties make them ideal for various aerospace applications,
including primary and secondary structures, engine components, and interior

parts.

Effective joining techniques, including mechanical fasteners, welding, and
adhesive bonding, are crucial for ensuring the structural integrity of composite
components. Adhesive bonding, in particular, offers uniform stress distribution
and weight reduction but presents challenges related to surface preparation

including contamination removal.

Surface treatments, especially plasma treatments, are essential for enhancing
the adhesion properties of composites. Techniques such as Dielectric Barrier
Discharge (DBD) Plasma, Microwave Plasma, and Radio Frequency (RF)
Plasma have been explored for their effectiveness in modifying surface properties
and improving adhesion. Plasma can also be a tool for the etching of glass with
the potential to use this ability to further remove silicon based contamination

without damaging the composite itself.

Despite these advancements, several research gaps remain that need to be

addressed to further optimise the pretreatment composite manufacturing.
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2.5.2 Identification of Gaps in the Literature

The challenge of removing silicon contamination from composite surfaces, crucial
for enhancing adhesion in manufacturing processes, is well observed in industry.
While existing studies have explored various plasma treatment methods, there
remains a notable gap in understanding the comparative effectiveness and
efficiency of different plasma technologies. The specific gases used in plasma
treatments appear to significantly influence the outcomes, although there is little

knowledge out there on specific silicone removal with plasma.

Contact-based processes, such as sanding or solvent cleaning can lead to
uneven treatment and potential damage to the substrate. Solvent cleaning can
leave residues and may not uniformly clean complex geometries. Plasma
treatment is a non-contact process that can uniformly treat surfaces, including

complex geometries and delicate materials.

The speed of plasma treatment is another crucial factor in industrial settings
where time efficiency directly impacts production costs and throughput. However,
the literature often overlooks this aspect, focusing more on the qualitative
outcomes of surface treatments. There is a need for detailed studies that quantify
the treatment times of various plasma technologies and correlate these with their
effectiveness in silicon removal. Silicon contamination can cause significant

bonding difficulties, leading to delays and inefficiencies in production.

Dighton et al (48) used an atmospheric plasma treatment method involving a
PlasmaTreat OpenAir single rotating flame jet to remove silicone containing
release agent. The blown-arc plasma system used clean dry air as the feed gas.
This treatment was found to not completely remove the contaminant layer.
Instead, the plasma transforms the silicon contaminant into a more stable
inorganic form, namely a thin layer of silicon dioxide (SiO,). This transformation
was detected through X-ray photoelectron spectroscopy (XPS), which showed a

chemical shift in the silicon present on the surface after plasma treatment.

There has been limited research into the detailed effects of plasma treatment on

the surface chemistry of carbon fibre/epoxy resin systems with surface
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contamination. As a result, the mechanisms behind the improvements in strength

need to be thoroughly investigated.

Fluorinated plasma has been used to etch silicon wafers and silicon-oxide based
glass material, but there has been no research to date regarding the ability to use
fluorinated plasma to remove silicon contamination on composites, nor the effect
fluorinated plasma may have on the structural effects of composites, and the risk

of over-etching, burning or delamination.

Finally, while existing research focuses on the immediate effects of plasma
treatments on surface properties, the long-term stability and durability of these

treatments, are not as well-documented.
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3 Methodology

3.1 Introduction

This study compared multiple atmospheric plasma systems, both thermal and
non-thermal, for the improvement of composite surface adhesion. Initial studies
attempted to utilise non-thermal plasma systems, using a mixture of argon and
nitrogen plasmas. To do this three plasma systems were explored: two
microwave systems of different powers, and one dielectric barrier discharge
(DBD) system.

Mould release agents are commonly used in the manufacturing process to
facilitate the separation of moulded parts from the mould. These agents form a
barrier between the mould surface and the material, reducing surface energy and
preventing adhesion(265,266). Comparing coated and non-coated samples
allows for a comprehensive evaluation of how these agents interact with plasma-
treated surfaces and affect adhesion properties. For instance, the inclusion of
release agents can influence the surface chemistry and topography, which in turn

impacts the effectiveness of plasma treatment in enhancing adhesion.

Through the measurement of surface energy, it is possible to infer the wettability
and the potential for adhesion of different materials to the treated surface. High
surface energy indicates better wettability and potential for stronger adhesion,
which is desirable in many applications, such as in coatings and adhesives.
Plasma treatments are known to alter the surface energy by introducing functional
groups that can increase or decrease the surface tension. Thus, studying surface
energies before and after plasma treatment provides insights into the
effectiveness of the treatment in modifying surface properties to achieve the

desired adhesion outcomes.

XPS and surface chemical analysis in general will provide some insight into the
surface effect of plasma, shining light on the science behind how plasma
increases surface adhesion. Lap shear strength studies, although a time-lengthy
intensive and material destructive testing method, further quantify the

improvement in adhesion properties. These tests measure the shear strength of
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adhesives by applying force until failure, thus providing direct evidence of the

enhanced adhesion due to plasma treatment.

Temperature is a critical parameter in plasma treatment processes. It affects the
kinetics of chemical reactions on the surface, the stability of the plasma itself, and
the physical properties of the materials being treated. In plasma treatments the
increased surface (between 50-200°C) can enhance the mobility of surface
atoms, promoting more uniform surface modifications and improving the bonding
strength between surfaces. Excessive temperatures (>200°C) however can lead
to thermal degradation of sensitive materials. Therefore, maintaining an optimal
temperature range is essential for achieving the desired surface modifications
without damaging the substrate(253,267).

The study employs a variety of plasma torches to manage temperature effects

and achieve desired surface modifications:

1) Dielectric Barrier Discharge (DBD) Non-Thermal Plasma: This type of
plasma operates at near-room temperatures, making it suitable for treating
temperature-sensitive materials. It is effective in introducing surface
functional groups without causing thermal damage.

2) Microwave Non-Thermal Plasma: Microwave plasmas provide high
electron densities and energy, which can be beneficial for achieving deep
surface modifications and enhancing the activation of chemical reactions
on the surface.

3) Radiofrequency (RF) Thermal Plasma: RF plasmas can generate higher
temperatures, which are useful for applications requiring significant

surface restructuring or for treating materials that are less sensitive to heat.

Further studies explored the use of Thermal Radio Frequency (RF) Plasma
processing. Plasma processing has been shown to remove silicon material in the
presence of Sulphur Fluro Hexane (SFs) s-linking an(40,268-271). As silicon is a
major component of silicone, for this study SFs inductively coupled RF plasma
was explored with the potential to remove silicone contamination on composite

samples (while also increasing surface energy to result in improved adhesion).
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3.2 Composite Materials

Two composite materials were used to investigate the ability of plasma to
increase the surface energy of composites; C 420, a thin carbon fibre reinforced
epoxy laminate, sourced from Goodfellows, and MTM44-1, an aerospace grade
carbon fibre composite with an epoxy finish, sourced by BAE Systems. The
former was chosen due to a lower cost, being readily available and appropriate
for use in measurement devices where MTM44-1 could not be used. For
example, MTM44-1 was too thick to be observed under AFM, and the surface

texture made measurement under a CClI inappropriate.

3.2.1 C420 Laminate

The C420 carbon fibre- epoxy resin matrix samples had a thickness of 0.25mm.
The sample was composed of a cross-hatched carbon fibre layer with a surface
epoxy layer. These samples were used for early stage studies, and for studies
where the thicker and more textured MTM44-1 samples would not be appropriate,
e.g. AFM, FTIR and CCI.

3.2.2 MTM44-1

MTM44-1 is a high-performance composite material designed specifically for the
production of primary and secondary aircraft structures. It is a toughened epoxy
resin that cures at 180°C (356°F) and offers exceptional mechanical and thermal
properties. This material can be processed using both low-pressure vacuum bag

Out of Autoclave (OOA) moulding and autoclave moulding methods.

It meets NASA's stringent outgassing requirements, making it suitable for use in
space structures. The cured resin has a density of 1.18x10° g/mm3, and its
mechanical properties include high tensile and compressive strength, making it

ideal for aerospace applications.

MTM44-1 is a two-part epoxy formulation consisting of a resin component and a
hardener component. The resin component is a blend of epoxy resins and
reactive diluents, while the hardener component contains amine-based curing

agents and additives. The unique formulation of MTM44-1 allows for a wide
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processing window, with a recommended cure cycle ranging from 120°C to

180°C, depending on the desired properties and production requirements.

One of the key advantages of MTM44-1 is its ability to achieve high glass
transition temperatures (Tg) after curing. This high Tg of 190°C ensures excellent
thermal stability and dimensional stability of the cured composite parts, making
them suitable for applications in high-temperature environments. It comes in
either a fabric configuration or one of two unidirectional modes. This includes a
twill fabric at 285g/m?, “UD HTS 5631 12K 145 gsm” which is a unidirectional
prepreg using a high-tensile-strength fibre in 12K tow form, weighing 145 g/mz2
and, “UD IMS 5131 24K 268 gsm” which uses an intermediate-modulus fibre in
24K tow form and weighs 268 g/m2. For this study, the UD HTS 5631 12K
145 gsm form of MTM44-1 was used.

The mechanical properties of MTM44-1 composites are suitable for high-
performance applications, particularly in the aerospace industry. It is worth noting
that these performance metrics may refer to systems using high-modulus fibres
such as M55J carbon fibre, and values can vary depending on the specific
reinforcement used. These properties include an impressive 0° tensile modulus,
ranging from 62.6 GPa to 174.6 GPa, and a tensile strength between 927 MPa
and 2738 MPa, depending on the specific reinforcement used. The compressive
modulus ranges from 59.4 GPa to 147.2 GPa, with compressive strengths
spanning 729 MPa to 1459 MPa. MTM44-1 also demonstrates robust shear
properties, with an in-plane shear modulus of up to 4.11 GPa and shear strengths
reaching 133 MPa. Additionally, its flexural modulus and strength are noteworthy,
ranging from 57.1 GPa to 154.9 GPa and 1181 MPa to 1958 MPa, respectively.
The interlaminar shear strength, essential for maintaining structural integrity
under stress, ranges from 75.4 MPa to 109.4 MPa. These mechanical attributes
make MTM44-1 appropriate for environments where high strength, stiffness, and

durability are required.
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3.3 Chemlease 41-90 EZ Silicone Containing release agent

Chemlease 41-90 EZ is a semi-permanent, silicone release agent specifically
designed to improve the ease of demoulding in composite manufacturing while
minimising surface contamination. However, like many release agents, it has
potential to affect surface adhesion. While Chemlease 41-90 EZ is formulated to
leave minimal residue on the moulded part, careful attention must still be paid to
ensure that the surface is adequately prepared for any bonding, painting, or

coating operations that may follow.

The agent is optimised for applications where a matte or satin finish is required,
making it particularly suitable for the manufacture of MTM44-1. It also exhibits
excellent thermal stability, allowing it to perform effectively in high-temperature
manufacturing environments. This could cause issues however with its removal
as high temperature treatments may not have an effect on breaking it down or
possibly would require very high surface temperatures in order to achieve this,

potentially disrupting the integrity of the composite in the process.

The release agent is typically applied by wiping it onto the surface with a clean
cotton cloth. The process typically requires 4 to 5 coats, with 15 minutes of drying

time between each coat.

One of the most significant drawbacks of Chemlease 41-90 EZ is that it is a
silicone-based release agent, meaning it contains silicone compounds that are
chemically resistant and hydrophobic. While this provides excellent thermal
stability and chemical resistance, it also makes complete removal from moulded
parts challenging. Even trace amounts of silicone residues left behind after
demoulding can create low-surface-energy films, which interfere with bonding,
painting, and adhesion processes. Proper cleaning and surface preparation are

essential to mitigate these adhesion issues.

Standard cleaning methods may not always be effective in removing silicone
residues, requiring several aggressive surface treatments such as abrasion,
plasma treatment, or chemical etching to ensure that the surface is free from

contaminants.
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3.4 Coating of Release Agent

To simulate contamination within laboratory settings, an even and consistent
layer of release agent contaminant needs to be applied to sample surfaces. This
needs to be in a way that would be consistent with contamination found within
the manufacturing process, while also leaving areas of too high/low

contamination so that proper sampling cannot take place.

When considering coating techniques there are many to consider with various up
and downsides to each technique. Coating techniques include dip coating(272),
electro spraying(273), layer by layer deposition, optical deposition (274), plasma
spraying (275) and spin coating(276). For this study two coating methods were
explored, offering different advantages for each approach. These include a drop
coating method and a spin coating method. The first coating method (CM1) was
used due to its simplicity, ease of use, lack of resources required, and vitally,
having already been used in a similar study. The second coating method (CM2),
although slightly more labour and equipment intensive, was chosen to increase

the possibility of producing a thin, even coating.

3.4.1 Drop Coating Method (CM1)

The drop coating method is a simple method adapted from similar work for the
same composite and contaminant (47) This method requires only a pipette, an

operator, and the use of a vacuum oven.

The process commenced with the preparation of a Chemlease 41-90 EZ solution,
as described in section 3.3, diluted with isopropyl alcohol at a ratio of 1:2. A rotary
mixing machine was employed to ensure a homogeneous mixture, operating at

a speed of 1500 rpm for a duration of 1 minute.

A pipette was used to apply 10uL of mixture per 10mm? of composite. The
Chemlease 41-90 EZ solution was applied starting from one end of the composite

surface to the other, ensuring even coverage.
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Subsequent to the Chemlease 41-90 EZ solution application, the composite
samples were immediately transferred to a vacuum oven to prevent the uneven

spread of the contaminant due to solvent evaporation at ambient conditions.

A vacuum oven was preheated to 60°C. The samples were dried in the oven for
1 hour to ensure the deposition of the solid uniform Chemlease 41-90 EZ layer
on the composite surfaces.

3.4.2 Spin Coating Method (CM2)

Spin Coating allows for the deposition of thin coating layers while also being low
cost and relatively easy to use (277,278). First the material intending to be
deposited is diluted into a solvent. Then the sample which is to be coated is spun
at high speeds and the solution is dispensed on the surface of the substrate,
which spreads out across the surface using centrifugal force. The solvent is
evaporated during the spinning process and can be further removed with heat.
Although in practice contamination events are rarely uniformly distributed across
a sample, this method allows for an even coating which is appropriate for
scientific analysis. It also allows for the deposition of very thin contaminant layers
(as detailed in 4.1.1). The thickness of the resulting film is determined by the spin

speed, surface tension and solution viscosity(277,279,280).

The samples were coated with a spin coater provided by Electronic Micro
Systems Ltd as displayed in Figure 3-1. The spin coater was set to 100rpm for 2
minutes, with an additional 30s loading stage where 10uL of mixture per 1cm? of
composite was deposited. The ideal spin speed, time and dilution for spin coating
was determined by a series of experiments on composite, glass (displayed in
6A.1) and mylar samples, where a microscope was used to determine the
presence of contamination on the sample. Samples were placed in a vacuum

oven preheated to 60°C. The samples were dried in the oven for 1 hour.
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Figure 3-1 Spin Coater used for CM2
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3.5 Plasma Generation

Four plasma systems were used to generate a plasma for the treatment of
composite samples, which were placed on an Aerotech A32000 two-axis motion
stage. The stage was programmed to move the samples in a raster pattern at
predefined speeds and distances to ensure uniform exposure. In plasma
treatment, forward power refers to the energy transmitted from the generator to
the plasma, while reverse power (or reflected power) is the portion of energy that

is not absorbed by the plasma and instead reflected back toward the generator.

3.5.1 Microwave Plasma Generation

To produce an argon plasma, two separate microwave plasma torches which
operate at different powers are compared regarding their effect on surface
energy. Initial studies investigated the higher-powered 200-100W surface wave
launched system, with a second additional 50W Microwave induced power
system which was used to observe the potential effect that a lower powered

system may have.

3.5.1.1 Surface Waved Launched Microwave Plasma

Figure 3-2 The Sairem microwave surface wave launched plasma torch mounted

in position for plasma treatment.
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Figure 3-3 Diagram of Plasma Processing Set up.

The first studies within this work looked into a surface wave launched plasma
system. These studies are detailed also in a paper by the author (30). A Sairem
surface wave compact plasma torch was adapted for atmospheric applications.
A microwave electromagnetic field propagates longitudinally at the interface
between a dielectric quartz tube and a plasma is created within the tube. The
plasma then flows out of the torch as a jet as displayed in Figure 3-2. A DBD
ignition system is added to ensure the plasma ignites under atmospheric
conditions. The inductively coupled torch was mounted vertically so that the

plasma flows downwards towards the sample (See Figure 3-3 and Figure 3-4).
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Figure 3-4 Displaying a Sairem plasma torch in operation
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The 2.45GHz microwave plasma torch was operated at a total power of 137W +/-
3W (150W forward power with 13W reflected). The samples were placed directly
under the torch, a raster pattern was used to ensure even plasma processing
across the sample. A 4 mm stand-off distance was used which was determined
to be the optimal distance for effective plasma treatment. A continuous flow rate

of 30Lmin-1 was used to create the plasma.

3.5.1.2 Microwave Induced Power Plasma

Figure 3-5 front face of the Plasma Tact 50W Microwave induced power plasma

system

A 50W microwave induced power system was used being a PlasmaTact50 by
AdTec Plasma Technology, as shown in Figure 3-5. The total power for this torch
was an average of 48W +/- 2W (50 W forward power, 2 W reflected power), 2.48
GHz frequency, 10 L/min gas flow rate, a 3 mm stand-off distance, as shown in

Figure 3-6, and a processing speed of 1m/min.
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when
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using a
reflective
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Figure 3-6 Displaying a AdTec plasma torch.
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3.5.2 Dielectric Barrier Discharge Plasma (DBD)

Figure 3-7 The underside of the MCCMD DBD plasma torch by Adtec Plasma
Technology. The plasma is created in between the plates and passes out of the
torch.

An atmospheric pressure DBD plasma system, developed by Adtec Plasma
Technology, was used to investigate the effects of non-thermal Air, Oxygen, and
nitrogen plasma. This system, known as MCCMD (Multi Capacitively Coupled
Modified Discharge) distributed an even gas flow in between two separate
ceramic dielectrics, as displayed in Figure 3-7. This torch did not need a coolant
system, and as such was less susceptible to creating instability in the plasma. In
addition to this, the even plasma treatment area (60mm across) reduced the need

for raster patterning, creating a more even plasma treatment.

Electrodes, connected to a generator via coaxial cables, were embedded into the
dielectric to transfer energy to gas, thereby generating the plasma at a current of
0.3A. The generator had a maximum power output of 300W and delivered a 50
kHz signal with a peak voltage of 2.8 kV, or 5.6 kV peak-to-peak.

Processing was conducted with a flow rate of 40L/min. A 10mm standoff distance
was used between the samples and the plasma torch.
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3.5.3 RF-Plasma Generation

The RAPT300, a thermal Radio Frequency inductively coupled plasma (RF-ICP)
prototype torch, developed by RAPT Industries, was used for reactive atom
plasma (RAP) etching. This was originally developed as a surface correction
technique of silicon carbide optics, to be placed in the European Extremely Large
Telescope (282)

Figure 3-8 displays schematics of the enclosure where the torch was contained,
including the exhaust outlet, which allows for hazardous biproducts to be
removed from the processing areas to a scrubber where they are mixed in water.
The plasma torch remains stationary at the centre of the processing chamber,
while the sample workpieces are moved through the plasma plume on an

Aerotech precision motion stage, displayed Figure 3-9.
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Figure 3-9 Precision motion stage used to pass samples under the plasma torch
for both RF, MW and DBD plasma systems.

The flow of argon and reactive gases is regulated by mass flow controllers, which
include a mass flow sensor and a proportional control valve to set the desired
flow rate. An Allen Bradley PLC (programmable logic controller) manages the
power supply, Tesla ignition coil (shown in Figure 3-10), and mass flow
controllers. The motion stage is controlled using G-code and run on the computer.
The vertical position is manually adjusted using a micrometre, as can be seen in
Figure 3-9. A water cooling system runs through the generator and copper RF

coils of the torch, to prevent overheating.

The RAP process uses an inductively coupled argon plasma, where the reactive
gas is atomised within a coil zone. A 27.12 MHz, 1kW plasma was produced
using 17Lmin-1 of argon gas flow. For RAP studies, between 0.1Lmin and
0.3Lmin of SFs was added to the argon gas, through a small inner coaxial quartz
tube as shown in Figure 3-11, to produce a fluorinated plasma. Gases are
atomised so that fluorine radicals chemically target the material resulting in a
Gaussian removal shape. SFs has a low enthalpy of atomisation, with a bond
energy at just 285 kJ/mol making it suitable for efficient processing(283).
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Figure 3-10 displaying the RF coil and ignition tesla coil for the RAPT300 torch.

Figure 3-11 displaying photos of the RAP ICP torch during maintenance. The main
photo displays the three coaxial quartz tubes from the torch with the two outer
tubes for argon, with the most centre tube reserved for reactive gas. Bottom left
of the photo displays just the inner tube mounted to the gas delivery section for

the main argon feed gas.
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3.5.4 The effect of RAP on the Surface Topography of MTM44-1

Increased temperatures were a concern when choosing to work with thermal RF
plasma. O’Brien (283) measured the temperature of the argon jet produced by
RAP300 via spectroscopy. The temperature of the argon jet itself reached
temperatures of almost 6000°C, reducing to just over 5200°C when a reactive
gas is injected into the mixture. However, this does not mean that this heat will

be the temperature transferred to the sample itself.

When O’Brien (283) found that when ULE was tested through the use of a thermal
imaging camera, the temperature of the ULE ranged between 250-300°C. A
previous study on this machine by the author (284) was conducted to measure
the temperature of the argon plasma plume using a glass Fibre Bragg grating
sensor In this study, measured temperatures of this torch were shown to reach
nearly 1000°C.

When considering the effect using this plasma source on samples of silicon
containing release agent of carbon fibre reinforced epoxy, it is important to
consider the thermal degradation temperature of the silicone elastomer.
Amorphous silicone elastomers typically begin to degrade between 200-300 °C
(285) which is comparable to or slightly below the degradation temperature of
some epoxy resins (286), and carbon fibre which can degrade between 300-
1000°C depending on the fibre type (287).

Figure 3-12 MTM 44-1 Samples burnt after treatment from RAP.
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Therefore, care must be taken to ensure that the duration and intensity of plasma
exposure do not lead to degradation of the epoxy matrix, breakdown of the

silicone release agent, or delamination of the composite material.

During this study, samples had been burnt from the effect of increased
temperatures, when using a 1mm distant raster pattern. This resulted in
composite samples with fully removed epoxy finishes and exposed fibres. In order
to reduce the sample temperature under the plasma beam, it is necessary to
reduce the time the sample is exposed to the plasma beam. The experiment
found that this can be achieved when the sample is moving at a high speed of
1000 mm mintand a 6mm gap in between passes, as displayed in Figure 3-13.

Direction of travel
of plasma nozzle in ‘ _>
respect to the sample ' ’ 6mm <_"

emm 6mm

Figure 3-13 Conventional raster pattern of plasma process with 6mm space

between passes.

After the results of work found in sections 4.2, 4.3 and 4.4, a more intense plasma
treatment was determined to be an avenue to consider in order to remove

contamination from the surface. However, slowing down the treatment speed
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would result in burnt samples, with possibly little advantage in material removal,
as was found in previous work conducted by O’Brien (283) As a result, 1mm
spacing between plasma passes was considered as a method to increase
intensity of plasma treatment. This allows the sample enough time to cool In

between processing passes at any particular position.

As displayed in Figure 3-14, the pattern moves forward by 20mm and then
subsequently returns backwards by 19mm, resulting in 1mm between the passes.
This allows heat to be conducted away before any position is exposed to the
plasma beam again, so that the composite sample will not be burnt during the
plasma process.

SEM was used to observe any effects to the surface treated with fluorinated argon
plasma. The effect of the plasma treatment was compared to that of sandpaper,
an alternative surface pretreatment. During the study, sandpaper of different
grain sizes, P80 and P240, were used to roughen the surface of composite

samples, by hand, for 30 seconds.

Direction of travel
of plasma nozzle in

respect to the sample

Figure 3-14 Adapted Raster pattern for treatment every 1mm.
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No noticeable difference was seen between samples that had not undergone
surface treatment (other than cleaning) and samples that had undergone plasma
surface treatment, as displayed in Figure 3-15. In the sandpapered samples, by
contrast, parts of the epoxy finish were worn away, revealing the fibre
underneath. In some parts of the sample, as can be observed in Figure 3-16 ,

there was breakage of the fibre below.

In summary, the plasma process, when using an adapted raster pattern, was
deemed appropriate for the surface treatment of epoxy based composites in

respect to possible high temperature damage.
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Figure 3-15 SEM images of unprocessed and plasma processed samples, treated from an alternative raster pattern.
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Figure 3-16 SEM images of Sandpapered samples
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3.6 Surface Chemistry Analysis Techniques

Several surface analysis techniques were compared and trialled for this study. A
long period of initial study was conducted using Fourier Transform Infrared
(FTIR), in both reflectance and attenuated total reflection (FTIR-ATR). FTIR has
a varied analysis depth between 500nm to 5000nm, depending on the material
and mode of FTIR used. This analysis was used to understand the surface
chemistry effects of nitrogen DBD and argon microwave plasma on the surface
of clean, uncoated composite samples, but the results of this study showed no
significant change in surface chemistry. Raman and EDS spectroscopy were also
trialled but provided similar results. This is likely due to the analysis depths of
these technigues being too deep to provide noticeable change in chemistry. As a
result, XPS was sought after to understand these changes. EDS and FIB TOF-

SIMS were used to observed chemistry effects on coated samples only.

Typical ToF- FIB- SEM-
Analysis XPS SIMS SIMS Raman EDS FTIR
Depth

10 nm-

100 nm-

h__

1000 nm-

5000 nm

Figure 3-17 Typical analysis depts of various surface chemistry analytical
techniques tried in this study. The data for FIB-SIMS assumes a Xe ion source as

found in the equipment at Cranfield University adapted from (288-299).
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3.6.1 XPS

X-Ray photoelectric spectroscopy was conducted at two facilities. Initial set of
results were conducted with thanks to SEEDCORN access funding at Warwick
University, with further research conducted with the Henry Royce Institute access
funding at the University of Leeds. Data was collected with either a 6mm or 1mm

gap between plasma passes.

3.6.1.1 Kratos Axis Ultra DLD spectrometer (University of Warwick)

X-ray photoelectron spectroscopy (XPS) data, for 6mm spaced samples, were
collected at the Photoemission RTP, University of Warwick (Figure 3-18).The
samples investigated in this study were attached to electrically conductive carbon
tape, mounted on to a sample bar with a layer of filter paper between the samples
and the sample bar to ensure electrical isolation and hence differential charging,
before being loaded into a Kratos Axis Ultra DLD spectrometer which possesses
a base pressure below 1 x 10-1° mbar. XPS measurements were performed in
the main analysis chamber, with the sample being illuminated using a
monochromatic Al Ka x-ray source (hv = 1486.7 eV). The measurements were
conducted at room temperature and at a take-off angle of 90° with respect to the

surface parallel.

The core level spectra were recorded using a pass energy of 20 eV (resolution
approx. 0.4 eV), from an analysis area of 300 um x 700 um. The work function
and binding energy scale of the spectrometer were calibrated using the Fermi
edge and 3ds2 peak recorded from a polycrystalline Ag sample prior to the
commencement of the experiments. To prevent surface charging the surface was
flooded with a beam of low energy electrons from a charge neutraliser throughout
the experiment and this necessitated recalibration of the binding energy scale.
To achieve this, the C-C/C-H component of the C1s spectrum was referenced to
285.0 eV. The data were analysed in the CasaXPS package using Shirley
backgrounds and mixed Gaussian-Lorentzian (Voigt) line shapes. For
compositional analysis, the analyser transmission function has been determined
using clean metallic foils to determine the detection efficiency across the full

binding energy range.
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Figure 3-18 XPS facilities at Warwick University, featuring the side view (top) and
front view (bottom) of the Kratos Axis Ultra DLD spectrometer
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3.6.1.2 SPECS Group EnviroESCA Near Ambient Pressure XPS Analyser
(University of Leeds)

The x-ray photoelectron spectroscopy (XPS) data were collected at the Versatile

X-ray spectroscopy facility, at the University of Leeds. The samples were attached

by carbon tape to a sample plate in the SPECS Group EnviroESCA Near Ambient

Pressure (NAP) XPS Analyser. The initial setup survey was done at 5 mbar of

nitrogen and the final measurements were done in 10 mbar of nitrogen to better

charge neutralise the sample.

Samples were illuminated using a monochromatic Al Ka x-ray source with a Slit
width of 4:7x20 from a carbon fibre grid. Fixed analyser transmission mode was
used with an Excitation Energy of 1486.71 eV. The Detector Voltage was 1725
V, with a Bias Voltage of 90.00 V. The spot size is 300 um (analysis area).

Measurements were conducted at room temperature.

The nozzle was at normal incidence to the sample with the source-Analyser angle
being 55 degrees. Transmission function is calibrated using a silver sample via
the SPECS prodigy software. Pass energy of core-hole spectra is 50 eV and of
the survey is 100 eV. Binding energy was calibrated by setting the C 1s main C-
C peak to 285 eV.

The data were analysed in the CasaXPS package, using U2 Tougaard
backgrounds and mixed Gaussian-Lorentzian (Voigt) line shapes. An example of

a spectra survey presented in CasaxXPS is presented in Figure 3-19

.....

1000 800 600 400 200 0
Binding Energy (eV)

Figure 3-19 A survey spectrum presented in the CasaXPS package

104



3.6.2 Scanning Electron Microscopy and Energy Dispersive
Spectroscopy (SEM-EDS)

A TESCAN VEGAS3 Scanning electron microscope (SEM) was used to take SEM

images, in order to detect changes in surface topography before and after

processing. The microscope, displayed in Figure 3-20, has the capability to

produce images from both secondary electrons and backscattered electrons. It

also includes a detector in order to perform Energy Dispersive Spectroscopy

(EDS) to allow for chemical composition analysis.

Figure 3-20 displaying the TESCAN VEGA3 scanning electron microscope

105



The SEM was operated under low vacuum with beam intensities ranging from 5
kV to 20 kV. Lowering the beam intensity enhances the SEM's sensitivity to the
surface. Both secondary electron and backscattered electron imaging were used.

Secondary electrons (SE) come from the atoms within the sample due to inelastic
interactions with the beam, while backscattered electrons (BSE) are reflected
after elastic interactions between the electron beam and the sample.

BSE originate from deeper within the sample, while SE come from the surface,
providing different types of information. SE images capture electrons emitted
directly from the substrate, providing surface morphology details, while BSE
images detect electrons scattered back from the beam, offering information from

deeper within the sample compared to SE images.

EDS was used to determine the elemental composition. The peaks in the
obtained spectra were initially identified using the auto-assign feature from the
TESCAN AZTEC software. Any peaks misidentified by the software were

manually corrected.

EDS results were also used to estimate the thickness of the coated Chemlease
layer on the sample. A 2 nm gold layer was deposited on all samples before
analysis. When the high-energy electron beam interacted with the coated
composite sample, the scattering and energy loss of electrons were carefully
monitored. The compositional data from EDS enabled the estimation of the
silicone layer's thickness by comparing it to the known thickness of the gold layer,

as described further in section 4.1.1.
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3.6.3 Time of Flight Secondary Mass Spectrometry

A TESCAN S8000, displayed in Figure 3-21 integrated with a Time-of-Flight
Secondary lon Mass Spectrometry (ToF-SIMS), has the potential to provide
detailed surface analysis as well as elemental or molecular composition mapping
at the micro and nanoscale. In this case analysis was performed by bombarding
the sample surface with a focused ion beam (FIB) of xenon plasma to raster
across selected areas of the sample surface before being recorded. This process
causes the ejection of secondary ions from the sample, which are then detected
based on their mass-to-charge ratio. The elements, isotopes and any molecular
ions produced can then be selected (by knowledge of their mass/charge ratio) to

plot as an image distribution display on screen.

Figure 3-21 featuring a TESCAN S8000 FIB-SEM with attachment capability for FIB
and ToF-SIMS.
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3.7 Surface Energy and Water Contact Angle Analysis

Surface energy effects were explored using Water, Glycerol and Diiodomethane
contact angle measurements. A fully automatic measuring device, OCA 50 by
Data Physics Instruments GmbH, was used to ensure uniform droplet size and

repeatable measurement (Figure 3-22).

Figure 3-22 OCA 50 by Data Physics Instruments GmbH used to measure liquid
contact angles.

Surface energy refers to the extra free energy present at a material's surface,
attributed to surface molecules having fewer neighbouring molecules to bond
with. This results in unbalanced forces and additional energy. There are various
methods to measure surface energy, tailored to the material type and the chosen
liquids. A fundamental method used is Young's equation, Equation 1, which
establishes a connection between contact angle (°), liquid surface tension,
interfacial tension (Nm or J/m2) between a solid and a liquid (y,;) and the solid's
surface free energy. Figure 3-23 further demonstrates these forces acting on a
liquid droplet on a surface.
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Equation 1: Young’s Equation
Ysg = Yst tYiyg cos 6

The choice of the model for determining surface energy depends on factors like
the sample's energy level (high or low) and whether it is polar or non-polar.
Liquids with different dispersive and polar properties are often selected for this
measurement. The chosen model significantly influences the results, making the

selection process complex and critical(300)
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Figure 3-23 The diagram describes the components needed for Young’s equation
in relation to a liquid droplet measurement, where yg is the surface tension
between a solid and a liquid, ys4 is the solid and gas interfacial tension and y,g is

the liquid and gas surface tension and ® is the contact angle of the liquid.

The Owens, Wendt, Rabel and Kaelble(OWRK) method (301-303) is a prominent
technique for assessing the surface energy of polymers and surfaces with
moderate polarity. This method integrates the Young-Dupre equation, which is
displayed in Equation 2. The OWRK method further extends this concept by
dividing the work of adhesion into polar and dispersive forces, following the

principles outlined in the Fowkes model, Equation 3 (38,304) .
Equation 2: Young-Dupre Equation
Wg = 0;(1 + cos8)

Where Wyq is the work of adhesion, oy is the surface tension of the liquid (both in

J/m?) and 6 is the contact angle (°).
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Equation 3: Fawkes Model

Wy = s< ’GZP.GSP + ’af.a_?)

Where o and o are the polar and dispersive components of the liquids surface

tension and ¢f and oPare the respective solid components.

The Fawkes method employs two liquids with known polar and dispersive
characteristics to calculate the interfacial tension between solids and liquids(44).
For example, water, with a surface energy of 72.8 mJ/mz2, consists of 51 mJ/m?2
polar energy and 21.8 mJ/mz2 dispersive energy. Ethylene glycol, on the other
hand, has a total energy of 48 mJ/mz, split into 19 mJ/m2 polar and 29 mJ/m?2

dispersive components(300).

The OWRK model, see Equation 4, is derived so that the interactions of the
dispersive and polar components of the liquid can be represented linearly as 'y =

mx + C.

Equation 4: OWRK Model

0;(1+cosf) \/cr_lp
)

In this equation, the y-axis represents the left side of the equation, while the x-

axis plots the square root of the liquid's polar forces over its dispersive forces,

O'P
JL_Z. This requires first plotting the polar and dispersive energies of 2 or more
of
liquids, although ideally more to provide a better fit. By analysing the slope (m =
JoF) and intercept (¢ = \/o2) of this linear relationship, the polar and dispersive

components of the surface energy are determined.

As the surface energy of a solid sample is considered a component of its polar
and dispersive forces, we may add these forces together to produce our total

surface energy, o;.

o, = of + 0P
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3.8 Surface Roughness Studies

Surface Roughness evaluation was performed using a coherence scanning
interferometer (CSI) (Talysurf CCI 6000, Taylor Hobson Precision) as displayed
in Figure 3-24.

ol hson

TALYSURF ccli

Figure 3-24 Coherence Scanning Interferometer

In measuring surface roughness, the standard deviation of the surface heights
from the mean plane was measured to produce an ‘Sq’ value. Sq refers to the
root mean square roughness. It is a statistical measure used to quantify the
roughness of a surface, providing an indication of how much the surface deviates

from being perfectly smooth.

Higher values of Sq indicate a rougher surface, while lower values suggest a
smoother surface. It's commonly used in 3D surface roughness measurements
and provides a more comprehensive understanding of roughness than those

taken from a roughness profile.
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3.9 Lap Shear Testing

Lap shear test conditions were adapted from ISO 4587:2003(305) where the
samples were cut into 25mm x 100mm sized samples and the sample overlap
was 12.5mm. Sample thickness of this study was thicker than standard, at 4mm,

as this is the thickness of the as manufactured MTM44-1 panels.

FM 300K Thin Film adhesive, procured from Solvay, was used to bond the
samples. The FM 300K had a nominal weight of 244gsm and a nominal thickness
of 0.2mm with a wide open knit carrier. This adhesive was used to ensure a
consistent bond line thickness across all samples. A precision rig was used to
ensure sample overlap was consistent and aligned correctly, as displayed in
Figure 3-25.

Two Lap Shear testing studies were conducted over the course of this research
project. The initial study was conducted to explore the use of microwave plasma
treatment as produced from the Surface Wave Launched Microwave plasma
system. Araldite 420 adhesive was used to bond the samples. In further studies
looking at RF and DBD plasma, FM 300 adhesive film by Solvay was used to

ensure a uniform bond line thickness of 0.33mm.

Figure 3-25 showing composite lap shear samples placed on a precision rig, prior

to bonding.

For lap shear strength testing, an Instron 5500R was used which is equipped with
a 30kN load cell and wedge grips to hold the specimens in place. At the start of
testing, samples were subject to a 10N preload, at a speed of 1mm/min. Loading

rate was 13mm/min. Load vs displacement was measured until specimen failure.
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Interface Failure

Cohesive Failure

Substrate Failure

Figure 3-26 describes the different failure methods of adhesively bonded lap
shear samples. An Interface, or adhesive, failure is where there is a clear
separation between the adherend and the adhesive. A cohesive failure shows a
failure within the adhesive layer, causing it to separate with both sides of the
adhesive still adhered to the adherend. A substrate, or adherend, failure is when
the substrate itself breaks under force, leaving damaged adherend remaining

onto the adhesive after separation.

To better understand the failure mechanisms in adhesively bonded lap shear
samples, the breakage types were analysed post-failure. The images provided in
Figure 4-48 display evidence of the different failure modes, for each sample type.
As displayed in Figure 3-26 there are three distinct failure modes observed in the

lap shear tests:

Interface/Adhesive Failure: Separation occurs at the adhesive-substrate

interface, indicating poor adhesion.

Cohesive Failure: The failure happens within the adhesive layer, leaving the

adhesive bonded to both substrate surfaces.

Substrate/Adherend Failure: The substrate itself fails, leaving fragments of the

substrate adhered to the adhesive.
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3.10 Microwave Plasma Study Sample Treatments

MTM44-1 carbon fibre reinforced epoxy samples were cleaned using an
ultrasonic bath in warm isopropanol (IPA) followed by a drying step in a vacuum
oven at 80°C. Contaminated samples were coated with Chemlease 41-90 EZ

release agent supplied by Chem-Trend GmbH.

Samples were classified into 4 categories.

e Original: These are unprocessed samples that have been cleaned but not
processed with plasma treatment nor contaminated.

e Plasma processed: These are samples that have undergone atmospheric
pressure plasma treatment.

e Contaminated: These are samples that have undergone surface
contamination Method 1 (CM1).

e Contaminated then Plasma Processed: There are samples that were
contaminated using CM1 and then subsequently treated with atmospheric

pressure plasma.
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3.11 Plasma Treatment Studies used in Radio Frequency
Plasma Study & DBD plasma study

A variety of different treatment options were explored for this study, the details of
which are displayed in Table 3-1. These parameters were determined through a
mixture of prior experimentation and review of previous studies by the same

torch(283). The flow rate considered the best coupling of the gas, with power.

Table 3-1 detailing the shorthand names for various treatment regimens used.

Name | Treatment Details

PT1 | Argon plasma treatment with 6mm raster between scan

PT2 | Argon and SFs 0.01Lmin! plasma treatment with 6mm raster between

scan

PT3 | Argon and SFs 0.01Lmin! plasma treatment with 1mm raster between

scan

PT4 | Argon and SFs 0.03Lmin! plasma treatment with 1mm raster between

scan
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4 Results & Discussion

The aim of this study is to improve the adhesive quality of composite surfaces
using atmospheric pressure plasma treatments. This section explores the results
of using various plasma treatment methods for both plasma surface modification
to improve adhesion, as well as to remove contamination in the process. To
achieve this, samples were treated with different types of plasma and some of

these were coated with release agents to simulate a contamination event.

This section starts by exploring coating methods, and ways to quantify
contamination at the surface of the sample, as silicone contamination was found
undetectable both to the naked eye, microscopy and even some spectroscopy
methods such as FTIR and FTIR-ATR.

4.1 Silicone Contamination Coating

Samples of epoxy carbon fibre composite MTM44-1, supplied by BAE Systems,
were coated with the silicone-based release agent Chemlease 41-90 EZ supplied
by ChemTrends. The release agent was mixed with Isopropanol (IPA) at a ratio
of 1:2. Two main methods were developed for applying a coating of the silicone

based contamination.

Method 1 (CM1) follows the coating method used by Dighton(47) which was
adapted to ensure an adequate and equal coating of silicone solids. This required
placing a controlled value of mixture onto the composite surface and moving the
composite until an even coat could be viewed to the eye. The coated mixture was
then placed into a vacuum oven at 60°C for half an hour. Previous work by
Dighton et al (48) found the contaminant thickness to be in the range of 0.5-3

nm.

Although this method was stated by Dighton et al (48) to produce an even
contamination layer, scanning electron microscopy (SEM) images (Figure 4-1)
conducted show signs of beading of silicone at the surface. It also featured

occasional build-up of contaminant at the surface of the composite.
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Figure 4-1 SEM Figures of MTM44-1 samples coated with CM1 at 2000x
magnification (top) and 500x magnification (bottom), respectively.




Method 2 (CM2) attempts to create a more uniform and thinner coating of the
release agent by using a rotary spin coater to apply a coating to the surface of
each composite. 1uL per cm? was applied to samples spun at 100 rpm. Method
2 was developed through exploration of spin speeds and concentrations of

Chemlease and IPA as shown in Appendix A.

Under SEM, no clear patterning of the coating could be observed on composite
samples. As a comparison, coating onto a titanium wafer is shown in Figure 4-1

where the surface can be considered nearly featureless

For the composite sample, some surface features can be observed, as shown in
Figure 4-2. Unlike for titanium, it does not show uniformity across the sample

surface.

Figure 4-2 SEM image of a composite sample after coating of Chemlease 41-90
EZ using CM2. MAG: 500x, 10kV, BSE, WD:14.85
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Energy dispersive X-ray spectroscope (EDS) was used to investigate the
chemical composition of the coating and to confirm presence of elemental silicon
and carbon (and thus silicone). Figure 4-3 shows an EDS spectrum for a 6-times
coated composite sample. The purpose of multiple coating is to increase the
thickness of the Chemlease 41-90 EZ layer. It is apparent that the top layers
contained a high concentration of carbon (61.7% wt), oxygen (25.2% wt) and
silicon (9.2% wt). Low concentrations of F (2.7% wt) and S (1.2% wt) were also
observed. Figure 4-4 shows the EDS area map of the same sample; from these

it can be observed that Si was uniformly distributed across the area.

The chemical concentrations are unlikely to be solely the chemical composition
of the contaminant Chemlease 41-90 EZ. The contribution from the composite
(mainly carbon fibre and epoxy polymers) cannot be ignored. This is due to the
thickness of the coated layer being no more than a few tens to hundreds of
nanometres, whilst the penetration depth of the electron beam during EDS was

much larger.

Figure 4-5 shows a typical EDS results for an original (uncoated layer of)
composite sample. The main concentrations are of C, O, and S, with traces of Cl.
No peak for Si was observed for this composite without a coated layer. Figure
4-6 shows a SEM image (a) and its corresponding element maps, clearly showing
the dark contrasted regions are mainly Carbon in the fibres, and Sulphur existing
mainly in the bright contrasted matrix regions of the composite. Further EDS area
maps suggest the element S comes from the matrix component of the composite,

displayed in Figure 4-7.
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Figure 4-3 SEM-EDS pattern for a composite sample coated with the Chemlease 41-90 EZ by 6 times. The inset displays the

chemical composition results.
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Figure 4-4 SEM-EDS area map for a composite sample coated with the
Chemlease 41-90 EZ by 6 times. Area maps include Carbon (C); Silicon (Si);
Oxygen (O); Florine (F); Sulphur (S).
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Figure 4-5 Typical EDS spectrum for an original (no coated layer) composite

sample. It contains mainly C, O and S, no Si.
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Figure 4-6 An SEM (BSE) image of an original MTM44-1 CFRP sample
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Figure 4-7 area map for a composite sample coated with the Chemlease 41-90 EZ

by 6 times. Area maps include Carbon (C); Sulphur (S); Oxygen (O); Chlorine
(CI); Nitrogen(N) and Florine (F).
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4.1.1 Coating thickness Estimations

As the Chemlease 41-90 EZ layer is non-electrically conductive, usually very thin,
soft and easy to break, it is very difficult to measure its exact thickness. Studies
were conducted with both SEM, AFM, CCI as well as through a scratch test
method to calculate the thickness. The coating was too small to be detectable via
SEM, too soft and unconducive to be appropriate for both AFM, too translucent
to be detectable by CCI or other microscopy and too thin for a scratch test
method, the results of which is displayed in Figure 4-8, resulted in scratches of

the epoxy.

Figure 4-8 displaying the optical microscope image from the scratch test method

where the surface layer of epoxy was instead scratched off to reveal the carbon

fibre below, rather than scratching off the contamination.

Due the aforementioned difficulties, the EDS results of the coated sample were
used to estimate the thickness of the coated Chemlease layer. Figure 4-9
displays the schematic of the EDS analysis of the spin coated (CM2) composite
sample. The thickness of the spin coated Chemlease is assumed to be ‘t' nm
thick. A 2 nm gold (Au) layer is deposited for all the samples before SEM/EDX

analysis in order to eliminate the charging effect during the SEM investigation.
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When a high-energy electron beam interacts with a material, the electrons
typically scatter, lose energy, and the beam expands. If the beam energy is
sufficiently high and the upper layers are thin, the effect of beam expansion in
these layers can be neglected. In such instances, the resulting compositional data
can be used to estimate the thickness of one layer, assuming the thickness of the

other layer is already known.

Electron Beam

2 ninAu

tnanﬁEHﬂeaﬁe

Y
MTM 44-1

Figure 4-9 Schematic of electron beam path during SEM-EDS investigation for the
composite sample coated with a layer of Chemlease. To eliminate charging effect
during SEM a 2 nm gold (Au) layer is deposited for all the samples before SEM/EDS

analysis.

The Bethe formula (306) describes the mean energy loss per distance travelled
by fast charged particles, as they pass through matter, which is also referred to

as the stopping power of the material. For electrons, the energy loss mechanism
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is slightly different due to their smaller mass, and significant energy loss as they

interact with atomic electrons.

A quantitative model of this interaction must account for the rate at which an
electron loses energy to its surrounding medium. The stopping power determines
both the range of the incident electron and the magnitude and spatial distribution
of any emissions, such as secondary electrons or X-rays, that are produced

during the process(307).

Joy and Luo (308) suggest a modified form of the Bethe equation (306) where
the stopping power (i—i) represents the average energy loss (dE) per unit
distance (ds), with the energy loss in electron volts (eV) per unit path length in
centimetres.

Equation 5: A modified form of the Bethe equation (306,308)

dE _ o 1ow0 L 2P, L166E
et * —— % —_
ds ag * )

In this equation J’ is the mean ionisation potential (eV) given by:

K x*]
El

J=1/0+—5),

A = Atomic Mass, Z= atomic number, p= material density (g/cm?), K=0.731 +
0.0688 * log(Z) and J = 9.76Z + 58.5Z01,

The beam broadening or beam width can be estimated as:

Z p
b —_ - - 0.5 t1.5
ag* P =

Where t= sample thickness t and b= beam broadening (nm). EO is measured in
keV.

a is determined by the fraction of beam intensity used to define the beam
diameter. When the beam diameter encompasses 68% of the total intensity,

corresponding to the Gaussian distribution variance, a =0.11 nm keV.
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The electron beam penetration depth R can be expressed by the following
equation (309)
5
EOQ3 8
9.

R = 5.025 x 102 x A
p x A x s *

Using these equations, with an incident beam of 20keV, the electron beam energy
loss after 2 nm of gold layer is 61 eV and the beam broadening is 0.38 nm. The

penetration depth in gold is 857 nm.

The energy loss and beam broadening are very small compared to the beam
used for the EDS analysis (20 kV and a large beam size of several nm). As
carbon, silicon and oxygen are detected at the surface of the EDS analysis, along
with gold, it can be considered that an electron beam with the same energy and
beam diameter will pass through the gold and the Chemlease layer. The energy
loss and beam broadening will be estimated after the thickness is known. If the
Chemlease thickness is not large, the beam broadening and energy loss in the
underneath MTM44-1 layer can be considered as negligible, with only the weight

ratio of gold/Chemlease being used in the calculation below.

EDS analysis was conducted at 3 sites on a coated sample, so that an average

content percentage could be gathered.
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Table 4-1 describing the relative percentages of elements at the surface of a
Chemlease coated, MTM44-1 CFRP sample.

Site C O Si S Cl Au

1 81.60 14.40 0.14 2.57 0.49 0.75
2 83.08 13.22 0.16 2.38 0.28 0.38
3 80.50 15.03 0.11 3.36 0.20 0.90
Average 81.73 14.22 0.14 2.77 0.32 0.82

The Si weight ratio in Chemlease is 28:74. The Chemlease density is 0.74 g/cm?
and the density of gold is 19.3 g/cm?®. The weight ratio of Si to that of Au in the

sample should be

0.74t * 5—2 014

2%19.3  0.82

With this the calculated thickness is worked out to be, t = 22.9 nm.

The calculated energy loss of a 20 keV electron beam pass through a 22.9 nm
thickness Chemlease can then be calculated, it is 36 eV, the beam broadening is
0.77 nm. The penetration depth in the Chemlease is 11902 nm, much higher than
the calculated thickness. So, the energy loss and beam broadening are still very
small after passing through the Chemlease layer. The assumptions that the beam
energy loss and beam broadening can be ignored are observed reasonably well.

In practice beam broadening does exist and the average electron beam diameter
in the Chemlease layer is larger than that in the gold layer, so the total amount of
gold is underestimated and Chemlease is over-estimated. Hence 23 nm (rounded

up from 22.9 nm) is a reasonable upper limit of the thickness for the coated layer.

In summary the thickness of the spin coated Chemlease layer in this study is

estimated to be 23 nm.
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4.1.2 Coating composition analysis by ToF-SIMS

The presence and distribution of silicon containing compounds on the coated
surfaces of MTM44-1 was further investigated using Time-of-Flight Secondary

lon Mass Spectrometry (TOF-SIMS).

ToF-SIMS is a highly sensitive surface analysis technique that allows for the
detection of both elemental and molecular species at the uppermost layers of a
material, making it an ideal tool for investigating coating integrity, and also
granting an insight into the chemical components of the Chemlease contaminant

itself.

The ToF-SIMS spectra, as detailed in Figure 4-10, indicates the presence of
silicon on the coated surfaces in both its elemental form (Si+) and as part of

various silicon-containing polymer groups.

The results of the corresponding peaks to silicon compounds of the coated

surface are listed in Table 4-2.

CHsSi is detected at m/Q= 43.0, alongside SiCHsz* at m/Q = 73, shows the
presence of organosilicon compounds, which are common in coatings and
adhesives. A peak at m/Q= 45 suggests the presence of SIOH* and points to the

presence of silanol groups on the surface.

The detection of higher mass fragments (m/Q= 147-221) indicates the presence
of complex silicon-containing polymeric species on the surface. These fragments,
such as CsHi1603Sis*, CsH170Si2* and C7H210:2Sis* suggest the incorporation of

silicon into larger polymer networks.

The presence of silicon in both its pure and polymeric forms on the coated
surfaces has significant implications for the material's surface characteristics.
Silicon, depending on its chemical form and how it is incorporated into the surface
layer, can affect properties such as wettability, chemical resistance, and
adhesion. For instance, the presence of silanol groups (SiOH) could enhance
surface reactivity, making the surface more amenable to bonding with adhesives

or other coatings.
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Table 4-2 ToF-SIMS spectra displays the presence of silicon in both its pure form,
and as contained within polymer groups on post manufactured samples.

References to polymer groups gathered from literature(310,311)

Material Mass/Charge (m/Q)
Si* 28.0
SiCHs* 43.0
SIOH* 45.0
SiCHs* 73.0
CsH170Si2* 147.0
CsH1603Sis* 207.0
C7H2102Sis* 221.0

Conversely, the presence of non-polar methylsilyl groups (SiCHs*) might impart
hydrophobic characteristics, which could be advantageous or detrimental

depending on the intended application.

The detection of complex polymeric silicon-containing compounds could suggest
that the surface treatment may involve the integration of silicon into the surface

polymer matrix.

The findings from the ToF-SIMS analysis align with the observations reported in
the literature. According to Keller et al. (310) and Kern, Kern, and Rohnke (311),
silicon-containing compounds are commonly found in surface treatments and
coatings, particularly in advanced materials used in high-performance

applications.
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Figure 4-10 ToF-SIMS spectra display of the presence of silicon in both its pure form, and as contained within polymer groups on

post manufactured samples. References to polymer groups gathered from literature(310,311)
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4.2 The effect of Surface Wave Launched Microwave Plasma
(SWL-MP) on the Surface Parameters of Composites

As previously mentioned in Chapter 3, the effect of two separate plasma torches
were investigated during initial testing on Microwave plasma systems. These
included systems capable of producing plasmas at powers of 200W and 50W

respectively.

4.2.1 Initial Process Characterisation using SWL-MP

Initial studies with this torch investigated the effect of Plasma Processing
Parameters on the Surface Modification of Carbon Fibre Reinforced Composites

by Atmospheric Pressure Plasma Treatment as reported in Frumosu et al (30).

Table 4-3 The effect of atmospheric pressure plasma on the Sq of carbon fibre

reinforced epoxy.

Forward Flow Z Surface Roughness (Sq., nm)
Power Rate Height
Before Plasma After Plasma
(W) (L/min)  (mm)
Treatment Treatment
100 10 2 142 165
3 81 98
20 2 68 61
3 95 101
150 10 2 185 186
3 125 104
20 2 83 97
3 60 156
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Two different settings for forward power were set: 150W and 100W with various
reflected powers depending on the initial power and flow rate of argon. Flow
Rates of 10Lmin and 20Lmin, as well as standoff distances of 2mm and 3mm
were explored, resulting in 8 sets of parameter combinations being explored.

Carbon fibre reinforced epoxy laminate samples were cut into 30 x 30 mm
squares and ultrasonically cleaned for 30 minutes before processing. The
samples were placed directly under the torch, with the centre aligned to that of

the quartz tube. Samples were radiated for 180 seconds.

Surface Roughness evaluation was performed using a coherence scanning
interferometer (Talysurf CCl 6000, Taylor Hobson Precision). The results,
displayed in Table 4-3 found that the Sq decreased after plasma processing in
2/8 parameter sets, with this increasing in 6/8 parameters.

Table 4-4 The effect of atmospheric pressure plasma on the surface energy of
carbon fibre reinforced epoxy

Forward Flow Rate Z Height Surface Energy (mJ/m?)
Power (W) (Lmin™) (mm)

Before Plasma 34.5
100 10 2 75.6
10 3 76.3
20 2 76.9
20 3 78.4
150 10 2 79.0
10 3 78.6
20 2 79.8
20 3 78.4
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A three-way ANOVA was conducted that examined the effect of flow rate, forward
power, and z height on surface roughness. The F-value measures the ratio of the
variance between the group means to the variance within the groups. The p-value
indicates the probability of observing the data if the null hypothesis is true. In a 3-
way ANOVA, the null hypothesis is that none of the factors or interactions have
a significant effect on the dependent variable. This is considered the case if the

p-value is higher than 0.05.

In this case, at a F = 0.147 and p-value=0.707, it indicates that the variability
between parameters is very small compared to the variability within each
parameter's measured surface roughness value. As such there was not a
statistically significant interaction between the effects of flow rate, forward power,

and z height on surface roughness.

When looking at surface energy, results displayed in Table 4-4, plasma
processing was shown to increase surface energy between 41.1 mJ/m? and 45.3
mJ/m? depending on the parameters set. The results further indicate that the
combination of parameters selected have a negligible difference between surface

energy increase.

4.2.2 The effect of hydrophobic recovery on SWL-MP treated
samples.

The effect of aging on composite samples was explored further using three sets
of parameters. These parameters are detailed in Figure 4-11. 18 hours post
plasma processing, the surface energy is highest across all three series, with
values above 65 mN/m. Over time, the surface energy decreases for all three
series, with the reduction in surface energy is more pronounced within the first 48
hours. After 120 hours and 168 hours (1 week), all three surface series have a
similar surface energy range around 35-45 mN/m, suggesting that the aging
effects start to diminish after 5 days. This data shows that the plasma treatment,

although effective in increasing surface energy, is a short term solution.

In regard to adhesion, it would be advised, from the results of these studies, to
adhere composite surfaces within the first 24 hours post-plasma processing.
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Figure 4-11 Comparison of Plasma Processes detailing the effect of aging on the surface energy of composite samples treated

with Surface Wave Launched Microwave Plasma (SWL-MP) under three different sets of parameters.
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4.2.3 The use of SWL-MP in contamination removal

The average surface energy of the contaminated samples one hour post
processing was found to be extremely low, at 5.52 +- 0.165 mNm. In contrast,
the surface energy of the unprocessed samples was much higher at 41.00 +/- 1.6
mNm?1. Samples were left to age for 5 days, before surface energy

measurements were taken, displayed in Figure 4-12.

Surface energy results indicate that plasma processing of both original and
contaminated samples improves the adhesion properties of the composites. It

also indicated that contamination greatly decreases the surface energy.
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Figure 4-12 Displaying the average surface energies of the 4 categories of

samples. The data shows an increase in surface energy among all plasma

processed samples, where contamination shows to reduce surface energy
compared to the original, untreated samples. A) Untreated Samples. B) Plasma
Treated Samples. C) Coated, untreated samples. D) Coated and Plasma Treated

samples.
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To enhance adhesion on polymer surfaces via plasma treatment, optimising
processing parameters is crucial. This involves adjusting surface free energy or
wettability of the polymer substrate to improve the adhesion force between the
substrate and the coating. However, adhesion doesn't always correlate with the
wettability changes due to factors like hydrophobic recovery and the formation of

a loosely bonded interlayer composed of low molecular weight fragments (160).

Lap shear strength experimental results, as displayed in Figure 4-13, showed this
plasma processing to have a positive effect on the maximum lap shear strength
for the clean original samples, but negative effect for samples with contamination.
This contrasts with the indicated results from the surface energy calculations,

where plasma processing appeared to increase surface energy.
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Figure 4-13 A: Displaying Load vs Extension curves in regard to lap shear failure
breakage forces at the point of bonding between two adhered composite
surfaces. A) Untreated Samples. B) Plasma Treated Samples. C) Contaminated,
untreated samples. D) Contaminated and Plasma Treated samples. Each

parameter set was conducted 3 times, hence the display of 3 curves.
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Although the maximum lap shear strength of the plasma treated original sample
of 31.168 Nm2was higher than the untreated original samples of 28.768 Nm,
its average value of 27.168 Nm (s.d. 2.82) was lower than the average value of
the original samples of 28.192Nm (s.d. 0.42), as compared in Figure 4-14. It
should be noted that for the clean original and its plasma treated samples the
breakages occurred within the composite itself, whereas breakages on
contaminated surfaces occurred on the surface-adherent interface. Considering
all these factors, we conclude that there is little difference by plasma treatment to

the bond strength of the original composite samples.

The fact that the plasma treatment of the coated samples leads to marked
reduction of bonding strength indicates that, firstly, the silicon containing

contaminant layer was not removed by the plasma treatment.
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Figure 4-14 Displaying lap shear strength at the point of bonding between two
adhered composite surfaces. A) Original Samples. B) Plasma Treated original
Samples. C) Contaminated and untreated samples. D) Contaminated and Plasma
Treated samples. The existence of surface contamination, including the silicon
coated onto the samples, drastically reduced the bonding strength, due to the
low surface energy and hydrophobic properties. Large discrepancy for
contaminated samples indicates that a non-uniform surface contamination may
exist on CML1.
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Secondly, plasma treatment may lead to the spread of the contaminants,
exacerbating their negative effects on adhesion. When plasma interacts with
contaminants such as silicone, instead of completely removing these substances,
it may disperse them more broadly across the surface. This spreading effect can
lead to more extensive coverage of low-energy contaminants, rather than their
concentration in specific areas. As a result, the overall surface area affected by
these contaminants increases, further lowering the surface energy and making it

even less conducive to effective adhesion.

Plasma treatment can sometimes create micro-etching or surface channels on
composite materials. While this can increase surface area and promote adhesion,
it may also inadvertently allow contaminants (such as polymer oils or silicone
residues) to penetrate deeper into the material. Once embedded within the
microstructure, these low-surface-energy contaminants become more difficult to
remove or neutralise. Their deeper integration can significantly reduce adhesive
performance by interfering with proper bonding. In some cases, the introduction
of oxygen- or nitrogen-containing functional groups (e.g. carbonyls, nitrogen
oxides), or fluorination (312,313), can further complicate the surface chemistry,
especially if contaminants are present.

All these may have contributed to our observed results that the plasma-treated,
contaminated samples exhibit worse lap shear breakages compared to untreated
samples. The combination of chemical modification, contaminant spreading, and
inconsistent surface treatment leads to a more heterogeneous surface with varied
adhesion characteristics. Consequently, adhesives may not form uniform, strong
bonds across the surface, leading to weaker adhesion and increased
susceptibility to failure under shear stress. This contrasts with uncontaminated
surfaces, where plasma treatment could enhance adhesion by increasing surface
energy and promoting mechanical interlocking, resulting in stronger and more
reliable bonds. These results suggest that further study is needed to remove the
contamination by APP.
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4.2.4 The effect of plasma treatment speed on the surface energy of
composite samples

The influence of plasma treatment speed on the surface energy of composite
samples was investigated by varying the treatment speed while maintaining a
consistent argon flow rate of 15 L/min. The resulting surface energy values for

different speeds are presented in Figure 4-15.
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Figure 4-15 The effect of treatment speed on surface energy. Argon plasma had a

constant Flow Rate of 15Lmin-1

Plasma treatment significantly enhanced the surface energy of the composite

samples compared to the surface energy before treatment (34.5 mN/m).

The maximum surface energy values were observed at treatment speeds below
800 mm/min within the range tested, with the average surface energy being just
above 50mN/m. These speeds result in a significant increase in surface energy

from the untreated baseline, indicating effective surface modification.
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As the treatment speed increases beyond 800 mm/min, there is a noticeable
decline in surface energy, with the 900 mm/min and 1m/min averaging 45.5

mN/m). At higher speeds, the exposure time of the surface to the plasma is
reduced, leading to less effective treatment.
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4.3 The effect of Microwave Induced Power Plasma (MIPP) on
the surface properties of MTM44-1

This section explores the use of the MIP plasma torch for surface modification of
MTM44-1. This section specifically looks at the effect plasma processing has on

the special effects of plasma on the composite surfaces.

4.3.1 Effect of Plasma Pass Spacing on Surface Energy Modification
Uniformity

Initial studies into plasma uniformity, as displayed in Appendix B showed clear

distinctions between high surface energy regions and low surface energy regions

of a polymeric surface after treatment with plasma. Figure 4-16 displays the effect

the 50W MW torch has on a composite surface, at a speed of 1m/min.
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Figure 4-16 Water contact angle map of one pass of argon at 1m/min

This figure provides insight on the special stability of the plasma, in terms of
surface energy modification, and more specifically its wettability. It is map of a
water contact angles across the middle of the surface of a 100mm x 25mm cut
composite sample and the effects of plasma processing on its surface. The x-axis
represents the distance (x) in millimetres (mm) along the surface, ranging from O
to 100 mm, while the y-axis represents the distance (y) in mm across the width
of the surface, ranging from 0 to 8 mm.
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The colour scale on the right indicates the water contact angle in degrees, ranging
from 0° (blue) to 80° (yellow). The distribution of colours on the map suggests the
varying surface wettability induced by the plasma processing. Areas of lower
water contact angles (blue) indicate increased wettability (higher surface energy),
while areas of higher contact angles (yellow to green) indicate reduced wettability.

Figure 4-16 indicates that 1m/min would provide a stable pass of plasma
treatment across an 8mm distance, and that this would result in an area of roughly

20mm with high surface energy.

The potential for this study is to understand how the raster effects on the
treatment of samples, affects the ability to have a uniform and effective treatment.
To compare this effect, first it was measured on a ‘clean’ solvent wiped surface
as shown in Figure 4-17. The solvent sample showed a decent amount of sample
WCA variation across it, which indicates that there is heterogeneity at the
sample’s surface, and that it is still a predominantly hydrophobic surface.
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Figure 4-17 WCA map of Solvent Cleaned Sample

To look at how the gap between passes affects the uniformity of samples, passes
were conducted at 1m/min, with passes varying in space in between them. Due
to the high amount of data collected, some of these results can be found in
Appendix 6B.3.
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The distance between raster patterns was varied from 17mm to 2mm apart. As a
WCA measurement was only taken every 2mm, it was unlikely that variations
could be detected at distances of 2mm of less, so these were not measured. The
results are displayed in Figure 4-18 with further maps in Appendix 6B.3. Each
map corresponds to a different distance between plasma passes. At 17 mm gap,
the map shows some regions with higher contact angles (yellow/green areas),
indicating less wettability and varying surface energy modification across the
sample. While at 13 mm the variation in water contact angles becomes less
pronounced, with more blue regions representing increased wettability and

relatively uniform surface energy modification.

The map with 6mm distance between passes shows a more uniform distribution
of contact angles with predominantly blue areas, suggesting that the plasma
treatment has effectively modified the surface energy across the sample. This
appears to be the most advantageous spacing, providing a balanced level of

surface modification with efficient processing.

The 4mm, similar to the 6 mm, map also displays a uniform distribution of lower
contact angles, but with slight variations. However, the minimal differences

suggest diminishing returns on reducing the spacing further.

Overall, the results of this work show that 6mm may be the most advantageous
space between passes. 6mm distance apart between plasma passes appears to
provide an adequate level of surface energy modification, while keeping the time
spent processing the sample low. It may be assumed that 6mm is the effective
dimension of the plasma field, in terms of surface energy.
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Figure 4-18 displaying maps of WCA across MTM44-1 samples with varying
distances in between plasma passes in mm
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4.3.2 The relationship between plasma treatment speed and the
resulting water contact angle

The relationship between plasma treatment speed and the resulting water contact

angle on a treated surface was explored. This is presented in Figure 4-19 which

displays an increasing trend in the water contact angle as the treatment speed

increases.

At higher plasma treatment speeds (of up to 30 m/min, compared to lower ranges
between 0.01 m/min to 1 m/min), the water contact angle increases significantly,
reaching a maximum of approximately 57.67° at 30 m/min. This suggests that

surfaces treated at higher speeds are more hydrophobic.

In contrast, at lower speeds, the water contact angle remains relatively constant,

hovering around 25.33° to 27.67°, indicating a more hydrophilic surface.

The error bars indicate the standard deviation of the measurements at each
treatment speed. At higher speeds (25 m/min and 30 m/min), there is slightly
more variability (with standard deviations around 1.89° and 1.25°, respectively),

compared to lower speeds, where the variability is minimal (around 0.47°).

Generally, plasma treatment decreases the water contact angles. So, higher
speeds increase the contact angles. Although the results are plotted to the
logarithmic scale, due to more measurements being taken at slower speed, a
linear relationship between treatment speed and water contact angle can be

noted.
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Figure 4-19 The effect of plasma treatment speeds on Water Contact Angle of MTM44-1 samples. Water contact angle follows

Square-Cube Law as Treatment Speed increases showcasing the limit from when plasma no longer affects sample and maximum
absorption for given sample. Based on 3 measurements taken and averaged to 2 dp.
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4.4 The effect of Dielectric Barrier Discharge (DBD) on the
surfaces of CFRPs

DBD plasma operates by applying a high voltage across electrodes separated by
a dielectric barrier and a gas gap. This setup prevents the formation of arc
discharges, thus maintaining a stable, non-thermal plasma at atmospheric
pressure. The non-thermal characteristic of DBD plasma is crucial for treating
heat-sensitive composite materials, ensuring that their structural integrity is not

compromised during treatment.

4.4.1 The effect of Dielectric Barrier Discharge (DBD) Plasma on the
surface temperature of CFRPs

To ensure the temperature of the plasma treatment was appropriate for

composites, a pyrometer was used to measure the temperature during

processing. After 50 seconds of processing, glass temperature reached 28.6°C,

which is well below the maximum operating temperature of cured epoxies (314).

As glass has a higher thermal conductivity to epoxies (315), it was deemed that

this plasma torch will not damage to the composite surface with heat.

The experiment was repeated for a thin carbon fibre epoxy laminate. This test
was completed under the same parameters as for the glass except the run time
was extended to 3 minutes rather than 50 seconds. Here, 19 measurements were

taken, with an average temperature of 34.06°C +/- 0.85°C.

An experiment was then conducted to compare the effect of treatment speed and
feed nitrogen gas flow rate on the temperature of the composites recorded
(Figure 4-20). In terms of treatment speed, the speed of the motion stage where
the composite was placed was changed from moving at a rate of 10 mm/min to
50 mm/min and flow rate of 10L/min. For the flow rate experiments, flow rates of

10Lmin to 60Lmin were compared with a standard stage speed of 10 mm/min.

At slower speeds (10 mm/min), the temperature of the composite remains

relatively high, around 45°C, with a small variation in temperature.
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As the processing speed increases from 10 mm/min to 50 mm/min, the recorded
temperature decreases slightly, but remains between 40°C and 45°C up to a

speed of 30 mm/min.

At 50 mm/min, there is a more noticeable decrease in the composite’s surface
temperature, dropping closer to 40°C, and the error bars indicate larger variations

in temperature.

When the stage moves more slowly, the composite is exposed to the plasma for
a longer period of time, allowing more energy to be transferred to the surface.
This leads to a higher recorded temperature due to the prolonged plasma-surface

interaction.

At Moderate speeds, the composite experiences a reduced amount of plasma
exposure per unit time, leading to a slight but not significant decrease in
temperature. The plasma energy has less time to accumulate on the surface,

resulting in more stable temperature readings with smaller error margins.
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Figure 4-20: Measured surface temperature of a thin carbon fibre epoxy laminate

as a function of sample moving speed relative to the fixed plasma torch.

151



As the stage speed increases to 50 mm/min, the composite moves through the
plasma more quickly, reducing the exposure time. This leads to a more noticeable
drop in temperature, likely because the surface does not have sufficient time to
absorb as much energy from the plasma. The larger error bars at this speed
suggest some variability in the heat transfer or in the plasma uniformity at higher

speeds.

This demonstrates that processing speed has a clear influence on the
temperature of the composite during nitrogen plasma treatment. Lower speeds
result in higher surface temperatures due to longer exposure times, while higher
speeds reduce the temperature as the surface is exposed to the plasma for

shorter periods.

The relationship between nitrogen gas flow rate and the surface temperature of
the composite sample during DBD nitrogen plasma treatment was also explored
and displayed in Figure 4-21. The graph presents the measured surface
temperature as a function of varying nitrogen flow rates, ranging from 10 L/min to

60 L/min, while maintaining a constant stage speed of 10 mm/min.

60

: |

[

50 | S
Q 15 I
L
>
% 40
Q
o
€ 35
9

30

25

20

0 10 20 30 40 50 60 70

Flow Rate (L/min)

Figure 4-21: Measured surface temperature of the composite sample as a function
of gas flow rate.
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At lower flow rates the surface temperature remains relatively stable, with values
between around 44°C and 48.5°C. The small variation and steady trend suggest
that, at these flow rates, the plasma energy input remains consistent, and the flow
rate has little impact on the surface temperature.

From 45 L/min onward, the surface temperature begins to rise, with a larger
spread in the data (indicated by larger error bars), suggesting increased variability

in heat transfer or plasma uniformity at higher flow rates.

The overall temperature did not vary beyond 15°C and as such would be

appropriate for most experiments with CFRP.

To really test the heat transfer from the plasma to the sample, a continuous
measurement across 8 minutes was taken, where the measured samples area

was under constant processing, as shown in Figure 4-22.
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Figure 4-22 Measured surface temperature of the composite sample as a function

of time under plasma beam.
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During the first 60 seconds of plasma exposure, the surface temperature rises
quickly from room temperature (around 20°C) to between 40°C and 42°C. This
steep increase indicates significant heat transfer from the plasma to the sample
during the initial phase of treatment.

After the initial rapid increase, the rate of temperature rise slows down
considerably. The temperature gradually increases from around 42°C to
approximately 46°C over the next 6-7 minutes, indicating that the sample is
approaching a thermal equilibrium where heat input from the plasma is balanced

by heat dissipation from the surface.

After 5 minutes, the surface temperature starts to stabilise around 46°C, showing
minimal further increase over time. This suggests that the system has reached a
steady-state thermal condition, where the plasma continues to apply heat, but the
temperature no longer increases significantly as the sample dissipates heat at an

equivalent rate.

The result demonstrates how heat transfer occurs between the plasma and the
composite surface during prolonged exposure. In the initial phase, the plasma
rapidly heats the sample, as shown by the sharp rise in temperature. However,
as the sample heats up, the rate of heat dissipation from the surface to the
surroundings increases, slowing the temperature rise. Eventually, the sample
reaches a thermal balance where the heat added by the plasma equals the heat

lost to the environment, leading to a plateau in the temperature.

The gradual increase in temperature beyond the initial 60 seconds suggests that
the plasma maintains a relatively uniform energy input over time, but the surface
reaches its maximum temperature threshold. The slight fluctuations observed
after the plateau might be due to small variations in the plasma discharge or in

the heat dissipation characteristics of the sample.

The continuous monitoring of the sample’s temperature over an 8-minute period
under constant plasma processing reveals how the plasma initially transfers a
large amount of energy to the sample, resulting in rapid heating, followed by a

stabilisation phase where the surface temperature approaches equilibrium. This

154



insight into heat transfer dynamics is critical for understanding how prolonged
plasma treatments can affect the thermal properties and overall performance of
composite materials, particularly in applications requiring controlled surface

modification without excessive thermal damage.

4.4.2 DBD as a method for modifying surface energy of MTM44-1

As shown in Figure 4-22 the surface energy before plasma processing is an
average of 30mN/m (x 0.88), as shown by the peach line on the graph. The
surface energy of samples treated with nitrogen plasma were measured 1 hour
post treatment, showing that nitrogen plasma treatment had doubled the surface
energy of the composite samples. The surface energy of the samples was
measured over time to show how the effect of plasma processing diminishes on
processed samples over time. After just 1 week, there’s a significant drop in
surface energy which seems to maintain until the 12-week mark. After this time,
there appears to be an even more significant drop in surface energy, resulting in

samples with samples below 40 mN/m at 20- and 28-weeks post treatment.
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Figure 4-23 Measured Surface Energy on MTM44-1 post nitrogen plasma

processing.
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4.4.3 XPS analysis of DBD Nitrogen Plasma for silicon
contamination removal of the surfaces of MTM44-1

The effect of DBD nitrogen plasma on CFRP samples was explored using X-ray
Photoelectron Spectroscopy (XPS) to evaluate changes in surface composition.
Four samples were analysed: clean and coated samples, both before and after
nitrogen plasma treatment. The elemental composition of carbon (C), oxygen (O),
nitrogen (N), and silicon (Si) was assessed, with the results displayed in Figure

4-24.

Clean Sample,
No Plasma Treatment

Clean Sample,
Nitrogen Plasma Treatment

Coated Sample,
No Plasma Treatment

Coated Sample,
Nitrogen Plasma Treatment

Figure 4-24 XPS analysis of MTM44-1 DBD plasma treated samples, including
samples that had not been coated, and samples that were coated with CML1.
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In the clean, untreated sample, the surface was predominantly composed of

carbon (67%), with oxygen comprising 27%, and nitrogen present at 6%.

Following nitrogen plasma treatment of the clean sample, the surface exhibited a
slight decrease in percentage carbon content to 65%, while oxygen remained
unchanged at 27%. Additionally, a small amount of silicon (3%) appeared on the
surface, and the nitrogen content decreased marginally to 5%.

This indicates that the plasma treatment removed some surface carbon and
exposed a subsurface layer containing silicon, likely originating from the

underlying composite structure or contaminants.
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Figure 4-25: XPS spectrum (dashed curve) and its deconvoluted Cis core level
spectrum of clean MTM44-1 Composite. This highlights 6 different species which

were analysed to determine percentage concentrations.
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For the coated sample without plasma treatment, the presence of release agent
significantly altered the surface composition. Silicon accounted for 27% of the
surface, with oxygen at 25% and carbon reduced to 48%. The absence of
nitrogen suggests that the release agent masks any nitrogen present on the

surface of MTM44-1. This is consistent with previous findings from section 4.1.

After nitrogen plasma treatment of the coated sample, the surface composition
shifted further. Silicon percentages again increased to 28% and oxygen to 29%,
while the carbon content decreased to 43%. Nitrogen remained absent, which
indicates that nitrogen plasma is unlikely to have an effect on the nitrogen content
at the surface of the samples. The increase in both silicon and oxygen suggests
enhanced exposure of the silicon containing elements after plasma treatment,
possibly through carbon etching. It also shows that DBD plasma processing in

this case was ineffective in removing silicon release agent contamination.

In-depth scans of specific binding regions related to single elements, as
displayed in Figure 4-25 with the C1s binding region, were conducted to
determine the peak shift and bonding types.

There are 6 key bonding environments identified for this region.

e C-C/C-H/C-Si: These bonds represent the typical carbon-carbon, carbon-
hydrogen, and carbon-silicon environments found in organic and silicon-
containing compounds.

e C-O/C-N: These bonds indicate the presence of carbon-oxygen and
carbon-nitrogen single bonds, common in alcohols, ethers, amines, and
related functional groups.

e C=O0: This bond signifies carbon-oxygen double bonds, found in carbonyl
groups like aldehydes, ketones, and carboxyls.

e 0=C-0O/ 0=C-R: These are complex carbon-oxygen environments, often
found in esters, anhydrides, and other oxygen-rich functional groups.

e 0=CO02: Indicates carbon-oxygen environments typical of carbonates

e C-F: Indicates the presence of carbon-fluorine bonds, found in fluorinated

compounds.
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The C1s core-level spectra was examined to assess the relative percentages of
different carbon bonding states on the surface of MTM44-1 before and after
plasma treatment. Table 4-5 summarises the distribution of carbon states in both
clean and coated samples, before and after nitrogen plasma treatment, providing

further insight into the chemical modifications induced by the plasma treatment.
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Figure 4-26 Deconvoluted Peaks of Carbon states at the surface of MTM44-1 where

samples are; Untreated (z), Coated (CM1), DBD plasma treated (NP) and both
coated and then nitrogen plasma treated (CM1+NP)
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Table 4-5 Relative Percentages of Carbon states at the surface of MTM44-1 under
various surface conditions, where samples are; Untreated (Original), Coated with
CM1, DBD plasma treated (N2 Plasma) and both coated and then nitrogen plasma
treated (Coated- N2 plasma)

Bonding Percentage (%) of region
environment . .

Original Original — Coated Coated —

N2 Plasma N2 Plasma

C-C/C-H/C-Si | 50.0 46.1 100.0 95.8
C-O/C-N 26.2 23.6 - 3.1
C=0 8.6 10.8 - 1.2
0=C-O / O=C-

10.8 11.3 - -
R
0=C02 1.6 2.2 - -
C-F 2.9 6.0 - -

For the original, untreated sample, the C1s spectrum reveals a diverse range of
carbon bonding environments. The dominant carbon state is C-C/C-H/C-Si,
comprising half of the surface carbon, indicating a high proportion of hydrocarbon
species, typical for CFRP materials. The presence of oxygen- and nitrogen-
containing functional groups is evident, with C-O/C-N bonds accounting for
26.2%, while carbonyl groups (C=0) contribute 8.6%. Additionally, 10.8% of the
surface carbon is in the form of carboxyl or ester-like species (O=C-O / O=C-R),
and smaller amounts of O=CO, (1.6%) and C-F (2.9%) are detected.

Following nitrogen plasma treatment of the original sample, there is a reduction
in the C-C/C-H/C-Si component to 46.1%. The C-O/C-N and C=0 bonds show
slight increases to 23.6% and 10.8%, respectively, suggesting an oxidation or
effect induced by the plasma. The proportion of O=C-O / O=C-R remains

relatively stable, increasing only slightly to 11.3%, while the presence of O=CO,
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bonds also increases to 2.2%. Notably, the C-F content doubles to 6.00%,
indicating further support that the plasma treatment may be etching a carbon rich

surface layer of the epoxy, revealing existing elements below.

In contrast, the coated sample without plasma treatment exhibits a completely
different carbon bonding environment, with the C-C/C-H/C-Si dominating the
surface (100%), indicating that the silicon-containing release agent completely
masks any oxygen- or nitrogen-containing functional groups within MTM44-1. No
C-0O/C-N, C=0, O=C-0/ 0O=C-R, or O=CO, bonding environments are detected,

consistent with a surface fully coated by the release agent.

After nitrogen plasma treatment of the coated sample, the C-C/C-H/C-Si
component remains high at 95.8%, although trace amounts of oxygen-containing
groups can be observed. The C-O/C-N bonding state accounts for 3.1%, and a
minor proportion of C=0 (1.2%) is detected, indicating that the plasma treatment
has introduced or exposed oxygenated carbon species on the previously inert

surface. No O=C-O / O=C-R or O=CO, species are observed after treatment.

In summary, the C1s analysis indicates that nitrogen plasma treatment leads to
the removal of hydrocarbons and the introduction of oxygen- containing functional
groups on the surface of the original, untreated CFRP sample. The coated
sample, which initially showed no oxygenated carbon species due to the silicon-
containing release agent, begins to exhibit minor amounts of oxygen functional
groups after plasma treatment, suggesting that the plasma modifies portions of

the coating.

The N1s core-level spectra were also examined, displayed in Figure 4-27, to
assess the nitrogen bonding environments on the surface of the samples, both

before and after nitrogen plasma treatment, as summarised in Table 4.6.

For the original untreated sample, the dominant nitrogen species present on the
surface is CNH,, accounting for 94.8% of the nitrogen detected. This bonding
environment likely corresponds to amine groups or nitrogen incorporated into
carbon-nitrogen chains, which is common in CFRP materials such as MTM44-1

due to the presence of curing agents or additives in the resin matrix. A smaller
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proportion of NH* species, indicative of protonated amines, were detected,

making up 5.2% of the nitrogen content.

After nitrogen plasma treatment, there is only a slight shift in the nitrogen bonding
environments. The proportion of CNH, remains high at 93.2%, while the
proportion of NH* species increases to 6.8%. The presence of NH" is likely to be
a direct result of nitrogen plasma treatment. Nitrogen radicals and ions can
interact with the surface amine groups, leading to bond cleavage or changes in
the bonding structure. When CNH, groups on the surface are exposed to the
plasma, some of the nitrogen radicals can abstract hydrogen atoms from the
CNH, groups, leading to the formation of positively charged NH* species. This
process is often accompanied by surface oxidation, as plasma treatments can
introduce functional groups like hydroxyl or carboxyl, providing additional protons
to convert CNH, into NH*(316).
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Figure 4-27 Sample N1s deconvoluted peak at the surface of MTM44-1 where

samples are; Untreated (z) and DBD plasma treated (NP)
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Table 4-6 Relative Percentages of N1s Nitrogen states at the surface of MTM44-1

samples, before and after both coating and/or DBD nitrogen plasma treatment.

Bonding Percentage (%) of region
environment . - :
Original Original & Nitrogen Plasma
CNH2 94.8 93.2
NH* 5.2 6.8

Nitrogen plasma treatment can also modify the surface charge environment. The
introduction of charged species (e.g., NH") might be due to an increase in the
local electric field or charge build-up on the surface during the plasma process.
This modification can facilitate the protonation of amine groups, converting CNH,,
into NH* (317).

In the contaminated sample, no nitrogen species were detected on the surface,
indicating that the contamination, likely from the release agent, has completely
masked the underlying nitrogen species. This result is consistent with the Cls
analysis, where the coated sample also showed no nitrogen-related bonding

environments prior to plasma treatment.

Following nitrogen plasma treatment of the contaminated sample, nitrogen
species remain undetected, indicating that the plasma treatment was either
insufficient to remove the contamination fully or that the nitrogen species are still
not exposed on the surface. This aligns with the C1s results, where only minor
oxygen functional groups were observed after plasma treatment of the coated

sample, suggesting that the release agent still partially covers the surface.

Overall, the N1s analysis shows that nitrogen plasma treatment has a minor
impact on the nitrogen bonding environments in the original sample, with a slight
increase in NH* species. However, in the contaminated samples, nitrogen
species remain undetected both before and after plasma treatment, suggesting

that the surface contamination prevents exposure of nitrogen-containing species.
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Table 4-7 Relative Percentages of Ols oxygen states at the surface of MTM44-1
under various surface conditions, where samples are; Untreated (Original), Coated
with CM1, DBD plasma treated (N2 Plasma) and both coated and then nitrogen

plasma treated (Coated- N2 plasma)

Bonding Percentage (%) of region
environment _ ) _
No Nitrogen Plasma | Contaminated | Contaminated &
Plasma | Treated Sample | Sample Nitrogen Plasma
C=0/ Si-O 35.7 48.5 100.0 91.5
C-0/ SiO2 45.6 44.2 - 8.5
H-O-H 18.7 7.3 - -

These findings complement the Cls and XPS elemental analyses, further
highlighting the challenges of removing surface contamination and revealing
nitrogen species in coated samples.

The O1s core-level spectra were analysed to examine the relative percentages
of different oxygen bonding states at the surface, as displayed in Table 4-7.

For the no plasma treatment sample, the dominant oxygen bonding environments
are C-O (45.6%) and C=0 (35.7%), indicating a significant presence of carbon-
oxygen species at the surface. Additionally, H-O-H (hydroxyl groups or water) is
present at 18.7%, reflecting either some surface moisture or hydroxyl functional

groups.

After nitrogen plasma treatment, there is a notable shift in the distribution of
oxygen bonding environments. The proportion of C=0 increases significantly to
48.5%, suggesting an enhancement of carbonyl bonds, likely due to surface
oxidation. The C-O content remains relatively stable at 44.2%, while the H-O-H
component decreases to 7.3%, indicating a reduction in surface-bound water or
hydroxyl groups as a result of plasma treatment. This reduction in moisture could
be due to the slight heating effect from the plasma, causing water at the surface

to evaporate.
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Table 4-8 Relative Percentages of different elements within the Si2p binding
region, at the surface of MTM44-1 under various surface conditions, where
samples are; Untreated (Original), Coated with CM1, DBD plasma treated (N2

Plasma) and both coated and then nitrogen plasma treated (Coated- N2 plasma)

Bonding Percentage (%) of region
environment _ _ _
No Nitrogen Plasma | Contaminated | Contaminated &
Plasma | Treated Sample | Sample Nitrogen Plasma
Si-O (Silicone) | - 47.2 100.0 91.1
SiO2 - 52.8 - 8.9

In the contaminated sample, the surface is completely dominated by Si-O bonds,
accounting for 100% of the oxygen bonding environment. The absence of C-
0O/SiO, and H-O-H bonds supports that the contamination has fully masked the
surface. Following nitrogen plasma treatment of the contaminated sample, there
is a slight decrease in the Si-O proportion to 91.5%, while a small amount of C-

O/SiO, bonding reappears at 8.5%.

The Si 2p region was analysed to assess the relative percentages of silicon
bonding states, as displayed in Figure 4-28. Table 4-8 summarises the results,

identifying the presence of silicon in different oxidation states (Silicone and SiO5,).

For the no plasma treatment sample, no silicon bonding states are detected,
indicating that either the silicon-containing regions are not exposed at the surface
or are completely masked by carbon and oxygen species, as suggested by

previous results.

After nitrogen plasma treatment, Si 2p peak shows a significant regional
percentage of silicon, with the region accounting for 47.2%, making up nearly half
of the detected silicon. The other 52.8 of the region falls under the, SiO, bonding

environment.
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Figure 4-28 Oxygen Ols region for the original sample (top left) and after it has then undergone nitrogen plasma treatment (bottom

left), contaminated sample (top right) and a contaminated sample that has undergone nitrogen plasma treatment (bottom right).
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In the contaminated sample, the silicon surface is dominated by Si-O bonds,
leaving no trace of SiO, bonds. This suggests that the silicone-based release
agent entirely coats the surface. The dominance of Si-O bonds is consistent with
the O1s results, which showed 100% of the oxygen bonding to be in the Si-O

state in the contaminated sample.

Following nitrogen plasma treatment of the contaminated sample, the proportions
of Si-O bonds decrease slightly to 91.1%, SiO, accounts for 8.9%. This further

supports DBD plasma having an oxygenising effect on the surface.

It's also likely to see a higher percentage of SiO2 on the surface, as there is less
silicon on the surface overall, meaning there was less silicon on the surface to

begin with, to interact with oxygen.

It is also likely that that there’s little to no C=0 in the sample because 8.86% of
sample is SiOzin the Si2p bonding region, which is a similar percentage value of
either SiO2 or C-O at the O1s bonding region (8.52%). This is supported by the
results of the Cl1s binding region which shows a predominant C-C/C-H/C-Si

binding region.
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Figure 4-29 Sample Si 2p deconvoluted peak at the surface of MTM44-1 where
samples are; Coated (CM1), DBD plasma treated (NP) and both coated and then
nitrogen plasma treated (CM1+NP)
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4.4.3.1 Contamination Focused Study

A second study of XPS was conducted, this time at the Leeds test facility, where
there was a focus on contamination removal. Samples were spin coated by CM2
and then plasma treated with 10 or 20 passes. Figure 4-30 displays the relative
percentages of carbon, oxygen and silicon at the surface of these samples,

alongside samples that were coated with CM2 but did not undergo plasma

treatment.
Si Si Si
24% 27% 22%
c C C
58% 48% 43%
No Plasma Processing N2 Plasma 10 passes N2 Plasma 20 passes

Figure 4-30 Spin Coated Samples which were then processed with no, 10 and 20

plasma passes respectfully.

In the untreated (no plasma processed) sample, the surface is dominated by
carbon (58%), with significant amounts of silicon (24%) and oxygen (18%). This
is consistent with the presence of the silicone-based release agent coating the
surface, where the carbon content comes from the organic nature of the silicone
compound and the release agent, and the silicon and oxygen are likely due to the

Si-O bonding in the silicone.

After 10 plasma passes, there is a noticeable reduction in the carbon content to
48%, with a corresponding increase in both silicon (27%) and oxygen (25%). The
reduction in carbon suggests that the plasma treatment has begun selectively
etching carbon from the surface. The increase in oxygen indicates the formation

of more oxygenated species, such as SiO,, as observed in previous XPS results.

After 20 plasma passes, the oxygen content increases significantly to 35%, while
the carbon content further decreases to 43%. The silicon percentage decreases
slightly to 22%. The large increase in oxygen indicates significant surface

oxidation, a trend also observed in the previous MTM44-1 samples, which may
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indicate increasing the presence of SiO,. The continued reduction in carbon

reflects the progressive removal or oxidation of the silicone-based release agent.

Across the three conditions, the carbon content decreases progressively with
increasing plasma passes. This reduction in carbon is indicative of the breakdown
and removal of the silicone-based release agent, which is rich in carbon, although

not the silicon atoms itself.

The silicon content shows a slight increase after 10 plasma passes and further
decreases after 20 passes. Initially, the plasma treatment exposes more of the
silicon content from the silicone-based coating, but with extended plasma
exposure, silicon becomes slightly less prominent as oxygen-rich species like
SiO, become dominant, replacing some of the Si-O bonds, with a possibility for

release agent etching taking effect after several passes.

The oxygen content increases steadily as the number of plasma passes
increases. This rise in oxygen indicates surface oxidation, likely due to the
formation of oxygen-rich species such as C=0, C-O, and SiO,. The significant
increase in oxygen after 20 plasma passes reflects the strong oxidising effect of

the nitrogen plasma, leading to a more reactive, oxygenated surface.
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4.4.3.2 Summary

In the sample without plasma treatment, the absence of detected silicon states
suggests that the surface is dominated by carbon and oxygen, preventing any
exposure of silicon-containing regions. This is corroborated by the C1s results,
which indicated a high proportion of C-C/C-H/C-Si bonds and oxygen states like
C-0/SiO,. Nitrogen plasma treatment, however, exposes and oxidises silicon at
the surface, as evidenced by the appearance of both silicone and SiO, states.
The increase in oxygenated species (from the Ol1s analysis) is consistent with

the formation of SiO,.

In the contaminated sample, the results are dominated by silicon reflecting the
silicone-based release agent coating the surface. This masking effect is seen
across all bonding environments, including C1s and O1s, where only silicon-
related bonding environments are present. After nitrogen plasma treatment of the
contaminated sample, there is partial removal of the surface contamination,
leading to the reappearance of SiO, bonding environments and a slight decrease
in Si-O (silicone) bonds. This trend is consistent with the O1s results, where C-

0O/SiO, bonding reappears after plasma treatment of the contaminated sample.

The XPS analysis of the MTM44-1 samples, both with and without contamination,
demonstrates that nitrogen plasma treatment significantly alters the surface
chemistry. In the clean samples, plasma treatment primarily oxidises the surface,
increasing the proportions of carbonyl, hydroxyl, and silicon oxide bonds.

Overall, the XPS results suggest that DBD nitrogen plasma is a powerful tool for
modifying the surface chemistry of MTM44-1 samples by increasing surface
oxidation and altering functional groups. However, the effectiveness of plasma
treatment is reduced in the presence of surface contamination, which may require
Radio Frequency Plasma Treatment for removal of Silicon Contamination and

improved surface Adhesion of Composites
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4.5 The effect of RF-ICP on the surfaces of MTM44-1

For the final section of this study, the use of thermal radio frequency plasma is

explored.

As the contaminants of interest in this study is mainly silicon based, the use of
reactive atom plasma (RAP) was considered to be a variable avenue to pursue

to etch contaminated samples chemically.

The temperature for this material removal method needs to be carefully

considered as high heat can result in the burning/melting of polymer composites.

As a result, high processing speeds and an adapted raster pattern are required

to reduce the heat effects on the substrate.

To ensure adequate silicon removal through this process, XPS was explored.
This technique was used to observe the effect the use of both argon RF plasma

and RAP has on the surface chemistry of both coated and uncoated samples.

Finally with consideration to the adhesive properties of the composites after RF
plasma processing, the surface energies of the composites were explored, and

lap shear testing was conducted.

172



4.5.1 X-Ray photoelectric spectroscopy (XPS)

X-Ray Photoelectron Spectroscopy (XPS) was conducted on both drop-coated
and spin-coated samples to analyse the chemical composition and states of the

elements present on the surface of the composites.

4.5.1.1 Conventional Raster Patterned samples

Drop Coated samples were plasma processed with RF plasma processing every
6mm. XPS was used to understand the relative percentages of elements at the

surface of the composite.

Figure 4-31 presents the XPS analysis of MTM44-1 samples, both with and

without a silicon contamination coating, following different plasma treatments.

The untreated original samples primarily consist of carbon (C) at 66%, oxygen
(O) at 27%, a minor amount of fluorine (F) at 6% and a trace of sulphur (S) at 1%.
These levels of Carbon and Oxygen are due to the composition of the MTM44-1
surface epoxy and potentially surface oxidation, while the small percentage of
sulphur and fluorine are likely to have originated from the manufacturing process

or environmental exposure.

After Argon plasma treatment (PT1), the carbon content decreases to 61%, while
oxygen increases to 34%, indicating that the plasma treatment introduces more
oxygen-containing functional groups to the surface, enhancing the surface
reactivity. Silicon (Si) is detectable at 2%, which is likely present due to release
agent usage in its manufacturing process, which cannot be fully removed in the
cleaning step- hence the need for plasma cleaning. Fluorine decreases to 2%,
which suggests some surface cleaning or modification of the fluorine containing

compounds during the plasma treatment.
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No Plasma | (Ar) Plasma | (SF) Plasma
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Figure 4-31 XPS analysis of MTM44-1 samples with and without silicone contamination coating. Samples were subjected to i) No
plasma treatment, ii) Argon Plasma Treatment iii) Fluorinated Plasma treatment Plasma treatment was conducted with a raster of
6mm inbetween passes
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There’s a possibility that the conventional sample cleaning steps are only capable
of cleaning surface level of contamination, with silicon contamination being
seeped into the sub-surface through diffusion. Argon plasma treatment could
then have an etching effect on the surface level of carbon, revealing a more

contaminated layer.

With SFe reactive atmospheric plasma (RAP) treatment (PT2), the carbon content
further decreases to 48%, while oxygen content increases to 41%, suggesting
even more significant surface oxidation compared to Argon plasma treatment.
Silicon content decreases to 1%, with sulphur at 7% and fluorine at 3%, indicating
that this treatment strongly alters the surface composition, likely through the
introduction of oxygenated groups and the incorporation of Sulphur-based

segments.

The coated samples without plasma treatment have a significantly different
composition from the original samples. The silicon content is 27%, while carbon
decreases to 48% and oxygen to 25%. The silicon contamination is evident from
the high Si percentage. The absence of sulphur and fluorine suggests that these

elements are masked by the silicone coating.

PT1 of the coated samples shows this had little effect on the prevalence of silicon
which remained at 27%. Significant oxidation of the surface has occurred with the
oxygen increasing from 25% to 41%. This suggests there may have been some
carbon etching with carbon content decreasing to 32%. The RAP treatment of
coated samples also shows signs of oxidation and carbon etching, with carbon
reduced to 34% and oxygen increased to 40%. There is an indication that PT2
may be effective in etching silicone as Si content at the surface was reduced to
23% from its original value of 27%.

The introduction of sulphur at 2% and fluorine at 1% suggests two possibilities;
1) that the RAP treatment partially etch the coating to expose the underlying

original materials containing these elements or

2) the sulphur and fluorine components in the plasma may be left on the surface

after processing. In regards for sulphur, it is more likely due to the presence of
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sulphur in the plasma, rather than the presence of sulphur in the underlying
composite, as this increase in sulphur on the surface of original surfaces was also

observed. This is also supported by the high remaining percentage of silicon on

the surface, suggesting the coating was predominant on the surface.
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Figure 4-32 displaying deconvoluted XPS C 1s core level spectrums of clean
MTM44-1 Composites. This includes samples that were uncontaminated (Z) and

those that underwent further plasma treatment either with just argon treatment
(PT1) or fluorinated argon treatment (PT2).
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Although the removal of silicon in this study was small, the observable reduction
shows promise and suggests a more intensive plasma treatment could reduce

the silicon content considerably.

The core-level spectra of essential elements in both clean and contaminated XPS
samples were analysed, as illustrated in the previous section, in Figure 4-25. This
analysis involved examining the characteristic energy levels of specific elements,
providing insights into the chemical states and composition of the samples. By
comparing the spectra from the clean and contaminated samples, differences in
peak positions, intensities, and shapes reveal information about surface

contamination, elemental composition, and possible chemical shifts.

The Cls peak spectra was deconvoluted, as displayed in Figure 4-32, to
understand the carbon states at the surface of uncontaminated samples. This

data has been presented in Table 4-9.

Table 4-9 Relative Percentages of Carbon states at the surface of uncontaminated

samples
Bonding Percentage (%) of region
environment ,
No Plasma Argon Plasma | Fluorinated Plasma
(PT1) (PT2)
C-C 50.0 47.8 51.7
C-O/C-N 26.2 24.3 23.0
C=0 8.6 9.4 9.3
0=C-O/0=C-R | 10.8 15.2 12.6
0=CO02 1.6 2.9 2.0
C-F 2.9 0.4 1.4
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Looking at the effect of argon plasma treatment when compared to untreated
samples, Argon plasma treatment shows a slight decrease in C-C bonds (from
50% to 47.8%) and C-O/C-N bonds (from 26% to 24.3%), with an increase in
0O=C-0/0O=C-R (10.8% to 15.2%) and O=CO2 bonds (1.6% to 2.9%), indicating
oxidation or etching effects. There is also a significant reduction in fluorinated
components (2.9% to 0.4%).

Fluorinated plasma treatment results in a slight increase in C-C/C-H/C-Si bonds,
possibly due to surface reorganisation or the introduction of new C-C bonds,
increasing C-C bonds while reducing oxygen groups as well as possible
conversion of simple C-O bonds to C=0O bonds. Interestingly there’s a slight

decrease in C-F bonds, despite the extra SFs within the plasma.

Table 4-10 Relative Percentages of N1s Nitrogen states at the surface of

uncontaminated samples.

Bonding Percentage (%) of region
environment )
No Plasma Argon Plasma | Fluorinated Plasma
(PT1) (PT2)
CNH2 94.8 93.3 46.3
NO/NH* 5.2 6.8 53.7

As Nitrogen is heavily present in the atmosphere, there may be nitrogen
interaction with the sample surface, when undergoing treatment with atmospheric
pressure plasma. A review of relevant literature identified three states where this
region could fall into; N'H* (318) N- O (319) and NH2. (320) Further information

was also sourced from Beamson and Briggs (321).

N1s regions were also explored, with the data displayed in Table 4-10 and Figure
4-33. Argon plasma slightly reduces CNH2 and this indicates that argon plasma

causes oxidation, as supported by literature (35,322)., converting NH* to NO.
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Fluorinated plasma by contrast drastically reduces CNH2 and significantly
increases NO, indicating strong fluorination and oxidation effects. This is

supported by similar findings from literature (35,322).
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Figure 4-33 displaying deconvoluted XPS N 1s core level spectrums of clean

MTM44-1 Composites. This includes samples that were uncontaminated (Z) and

those that underwent further plasma treatment either with just argon treatment

(PT1) or fluorinated argon treatment (PT2).
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Table 4-11 Relative Percentages of O1ls Oxygen states at the surface of

uncontaminated samples.

Bonding Percentage (%) of region

environment )
No Plasma | Argon Plasma (PT1) | Fluorinated Plasma (PT2)

C=0/C=0O-N | 35.7 34.3 57.9
C-0/C-0-C 45.6 47.0 29.8
H-O-H 18.7 18.7 12.3

Table 4-11 and Figure 4-34 display data from the Ols Oxygen states at the
surface of uncontaminated samples. This shows that argon plasma treatment
has a slight effect in reducing C=0/C=0-N bonds and increases C-O/C-O-C
bonds, indicating partial oxidation with an increase in oxygen-carbon single

bonds.

Fluorinated plasma significantly increases C=0/C=0-N bonds, reduces C-O/C-
O-C, and decreases H-O-H, indicating strong oxidation and fluorination effects.
A second fluorinated plasma exposure intensifies the increase in C=0/C=0-N
bonds and further reduces C-O/C-O-C and H-O-H, reflecting intense surface

modification and oxidation.

Plasma treatments dynamically modify oxygen states on surfaces. Argon plasma
causes initial oxidation and reconfiguration, while fluorinated plasma significantly

increases carbonyl groups, indicating intense oxidation and fluorination.
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Figure 4-34 displaying deconvoluted XPS O 1s core level spectrums of clean
MTM44-1 Composites. This includes samples that were uncontaminated (a) and
those that underwent further plasma treatment either with just argon treatment

(PT1) or fluorinated argon treatment (PT2).
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Summary and Discussion

This section focused on the effects of argon and fluorinated plasma treatments
on the surface chemistry of the original and contaminated MTM44-1 samples.
XPS was employed to analyse the surface chemistry of samples subjected to
different plasma treatments. The relative percentages of various bonding
environments were measured to understand the changes induced by argon and

fluorinated plasma.

In the original samples, the surface is dominated by carbon and oxygen, with
minor contributions from other elements. The introduction of Argon and RAP
plasma treatments reduces the carbon content while increasing oxygen,
indicating surface oxidation which is a key factor in enhancing surface reactivity
and potential bonding strength.

For silicone-contaminated samples, the high initial silicon content is dramatically
altered by plasma treatments. Both Argon and RAP plasma treatments are
effective in increasing percentage oxygen and decreasing carbon, suggesting
that these treatments clean or modify the surface to remove or redistribute the
carbon and oxygen contents. The RAP plasma treatment appears to be
particularly effective, as evidenced by the significant reduction in carbon
percentage.

These changes in surface composition are crucial for improving adhesion
properties, as increased oxygen content and the removal of contaminants like
silicon and fluorine enhance the chemical reactivity and bonding potential of the
surface. This suggests that RAP plasma treatment may offer superior advantages
for surface preparation, especially in cases where silicon contamination is

present.

Plasma treatments, such as those involving argon and fluorinated gases,
introduce polar functional groups (e.g., hydroxyl, carbonyl, and carboxyl groups)
on the epoxy surface. These functional groups enhance the surface energy and
wettability of the epoxy material, improving its adhesive properties. For instance,
the increase in C=0/C=0-N and O=C-O/O=C-R groups observed in the XPS data
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after plasma treatment indicates a higher concentration of oxygen-containing

polar groups, which aligns with findings from Ayaz et al (323)

Argon plasma treatment leads to oxidation and etching of the surface, breaking
down some of the original bonds (such as C-C/C-H/C-Si) and introducing new
oxygen functionalities. This process sees an increase in oxygen-containing
groups such as O=C-0O and O=CO2.
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4.5.1.2 Chemical Shift in Contaminated Samples

Supplementary visualisations for this section (pie charts) can be found in
Appendix C

Table 4-12 alongside Figure 4-35 shows a reduction in C-C/C-H/C-Si bonds from
100% to 87%, indicating etching of the silicone layer. New peaks for C-O/C-N,
C=0, and O=C-0O/C=R appear, indicating oxidation but less effective compared
to clean surfaces. Argon plasma introduces 8% of C-O/C-N bonds, and 3% C=0

bonds.

With fluorinated plasma the C-C/C-H/C-Si bond percentage drops further to 81%,
indicating extensive modification. Strong oxidative effects can be seen from the

increase in carbonyl groups.

Table 4-12 Relative Percentages of Carbon states at the surface of contaminated

samples
Bonding Percentage (%) of region
environment .
No Plasma Argon Plasma Fluorinated Plasma

C-C/C-H/C-Si 100.00 86.85 80.59

C-O/C-N 8.13 8.80

C=0 3.00 8.30
0=C-0/0=C-R 2.00 2.40

Table 4-13 and Figure 4-36 presents the relative percentages of various oxygen
bonding environments on the surface of contaminated samples under three
conditions: no plasma treatment, Argon plasma treatment, and fluorinated
plasma treatment. In untreated samples, 100% of the oxygen is present in the
C=0/Si-O state. Following Argon and fluorinated plasma treatments, the
proportion of this state decreases to approximately 72% and 69%, respectively.
Simultaneously, a new oxygen state, C-O/Si-O2, emerges, accounting for 27%

after Argon plasma and 29% after fluorinated plasma. Additionally, a small
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proportion of the H-O-H state is observed, increasing slightly from 1.5% after

Argon plasma to 2.3% after fluorinated plasma.
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Figure 4-35 Carbon C1s peaks of coated samples.

186



Table 4-13 Relative Percentages of O1ls Oxygen states at the surface of

contaminated samples.

Bonding

environment

Percentage (%) of region

No Plasma (2)

Argon Plasma (PT1)

Fluorinated Plasma
(PTL)

4

C=0/Si-O 100 71.6 68.6
C-0/Si-02 27.0 29.2
H-O-H 15 2.3
— $i-02
— §i-0/C=0
H-O-H
--- Envelope
Background

Intensity (a.u.)
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Figure 4-36 Ol1s Oxygen states at the surface of contaminated samples.
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Comparing the oxygen states there is a major decrease in C=0/Si-O from 100%

in untreated samples to lower percentages after plasma treatments.

Argon plasma shows a stable introduction of C-O/Si-O2 bonds, and a slight
introduction of hydroxyl groups across all treatments, although slightly more

pronounced with fluorinated plasma, likely due to the oxidising effect of APP.

Table 4-14 displays a reduction in silicon-related bonds after plasma treatments,
particularly with fluorinated plasma, indicates effective etching and modification
of the silicone layer. Figure 4-37 displays two primary silicon bonding
environments: SiO (Silicone) and silicon dioxide (SiOz2). The introduction of SiO2
indicates oxidation of the silicone contamination. Argon plasma shows stable
oxidation, while fluorinated plasma shows dynamic changes, reflecting complex

oxidation and reconfiguration.

Without plasma treatment the silicon on the sample surface is entirely in the
silicone (Si-O) state, accounting for 100% of the detected silicon. After Argon
Plasma treatment, there is a significant change in the silicon bonding
environment. The percentage of SiO bonds decreases to 57.1%, indicating a
reduction in silicon at the surface. The SiO2 environment, emerges, making up
43% of the silicon detected. This suggests that the Argon plasma treatment alters
the chemical structure of the surface, leading to the formation of oxygen-bridged

silicon atoms.

With Fluorinated Plasma treatment, the SiO bonds slightly increase to 62%, but
they do not return to the levels seen in the untreated sample. The SiO2 bonds
remain present, constituting 38% of the silicon detected. This indicates that the
fluorinated plasma treatment also alters the surface chemistry, maintaining a

significant proportion of the SiO2 bonding environment.

Overall, both Argon and fluorinated plasma treatments reduce the dominance of
Si-O bonds, and introduce SiO2 bonds, highlighting changes in the surface

chemistry that could influence the material's properties and behaviour.
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Table 4-14 Relative Percentages of Silicon Si2p states at the surface of

contaminated samples

Bonding environment Percentage (%) of region
No Plasma Argon Plasma | Fluorinated Plasma
Si-O 100 57.1 62
0O-Si-O 43 38
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Figure 4-37 Si2p silicon peaks with contaminated samples coated using CM1.
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Argon plasma primarily engages in a physical etching process. Argon ions
bombard the silicone surface, physically dislodging contaminants and breaking
predominantly C-Si chemical bonds. This physical interaction is evidenced by the
significant reduction in these bonds from 100% to 86.9%.

Although Argon plasma is primarily a physical process, some oxidation occurs
due to the presence of reactive oxygen species formed during plasma generation.
New bonds such as C-O/C-N (8.1%) and C=0 (3%) are observed.

Fluorinated plasma introduces highly reactive fluorine radicals, which are more
aggressive than Argon ions. These radicals break down the C-C/C-H/C-Si bonds
more extensively (reduced to 80.6%), facilitating the formation of new oxidised

species.

The presence of fluorine enhances the oxidation process, leading to higher
percentages of C-O/C-N (8.8%) and C=0 (8.3%) bonds. This indicates that
fluorinated plasma not only etches but also significantly oxidises the silicone

surface.

Both plasma treatments reduce the proportion of C=0/Si-O bonds. Argon plasma
reduces these bonds to 71.55%, while fluorinated plasma shows a reduction to
68.58%. This reduction suggests the formation of new surface oxides and

hydroxides.

The data indicate that Argon plasma treatment results in higher C-O/Si-O2 bonds
27% compared to fluorinated plasma 29.2%. This difference highlights the
varying oxidation mechanisms between the two treatments, with Argon plasma

favouring the formation of single-bonded oxygen species.

The significant reduction in SiO bonds in the Si2p after plasma treatments
indicates effective etching. Increased SiO2 bonds (to around 22-23%) in plasma-
treated samples suggest the oxidation of the silicon surface, forming a silicon
dioxide layer. Fluorinated plasma appears to form slightly less SiO2 compared to
Argon plasma, potentially due to the formation of other fluorine-containing silicon

compounds.
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Both Argon and fluorinated plasma treatments effectively modify and clean
Chemlease-contaminated surfaces by reducing original carbon and silicon bonds
and introducing new oxidised species. However, fluorinated plasma treatment is
more effective in achieving extensive surface modification and oxidation, making

it more suitable for contaminated surfaces.

Argon plasma shows a stable introduction of C-O/Si-O2 bonds, and a slight
introduction of hydroxyl groups across all treatments, although slightly more

pronounced with fluorinated plasma, likely due to the oxidising effect of APP.

4.5.1.2.1 Further analysis of Ol1s binding region

Looking again at the oxygen O1s region from Figure 4-36 and Table 4-13, there
is a lack of clarity over whether a region is Carbon and Oxygen bonded or silicon

oxygen bonded due to binding energy overlap.

The data in Table 4-15 was calculated using the combined data from Table 4-12,
Table 4-13 and Table 4-14 to cross calculate in order to estimate values from

overall silicon and carbon content.

The oxygen bonding environment is expected to be predominantly SiO, followed
by SiO,. In the carbon bonding environment for fluorinated samples (Table 4-12),
the C=0 and C-O bonding environments were found to be nearly equal.
Comparing the oxygen states, however as displayed in Table 4-13, there is a
major decrease in C=0/Si-O from 100% in untreated samples to lower

percentages after plasma treatments (71.6% and 68.6%, respectively)

This means that approximately 40% of this Ol1s bonding environment cannot be
attributed to the C=0/SiO binding region, which implies that about two-thirds of
the oxygen binding region for C=0/SiO must consist primarily of Si-O.

This estimate assumes that all of the C-O/SiO, region is C-O; if itis a combination
of both, then the proportion of the C=0/SiO region that is SiO will be significantly
higher.
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Table 4-15 Relative Percentages of Bonding Environments in Ols spectrum under

Different Plasma Treatments.

Percentage (%) of region

Bonding environment | No Plasma Argon Plasma | Fluorinated Plasma
Si-O 100 67.4 57.4

Si-02 221 20.6

C=0 4.4 11.2

C-O 4.6 8.6

H-O-H 1.5 2.3

The ratio of SiO to SiO, is approximately 6:4, which means it is not feasible for
around 60% of the C=0/Si-O region to be Si-O without the SiO, region comprising
40%.

Therefore, a formula needs to be developed to accurately determine this

proportion.

Through calculating the total amounts of oxygen, silicon, and carbon from the
survey, a percentage of bonds corresponding to the amount of carbon-oxygen
and silicon-oxygen bonds was calculated, with Table 4-15 now displaying the full
O1s content, separating the oxygen and silicon bonds for better analysis.

Calculating the untreated sample was relatively straightforward. The carbon peak
indicated no carbon and oxygen bonding, implying all O2 and Si would be bonded
together. Si2p peak displayed only SiO bonds, and as such this would fit being in
the SiO/C=0 category but only being dominated by SiO bonds. For the plasma

treated samples, the data analysis would need to be assessed and calculated.

The significance of each bond was determined by analysing the amount present
in the survey scan and other spectrum analyses. This approach was used to
estimate the likely contributions from both the carbon-oxygen bonded regions and

the silicon-oxygen bonded regions. By assigning significance to each bonding
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environment, it was possible to calculate the relative amounts of these bonds,
helping to differentiate between the areas where carbon-oxygen and silicon-
oxygen interactions occur on the surface of the samples. This method ensures a
more accurate representation of the surface chemistry of the O2 binding region,

reflecting the changes induced by different plasma treatments.

Initially, in the untreated sample (No Plasma), the surface is entirely dominated
by SiO bonds, constituting 100% of the bonding environment. However, this

composition changes significantly with the application of plasma treatments.

After Argon plasma treatment, the proportion of Si-O bonds decreases to 67.4%,
while new bonding environments such as SiO, (22.1%), C=0 (4.4%), C-O (4.6%),
and Hz20 (1.5%) emerge. This indicates that Argon plasma treatment introduces
oxygen-rich species and carbon-oxygen bonds at the surface, altering the surface
chemistry. The fluorinated plasma treatment further reduces the SiO bond
proportion to 57.4%, while increasing the presence of C=0 bonds to 11.2% and
C-O bonds to 8.6%. This treatment also maintains the presence of SiO, (20.6%)

and slightly increases H-O-H bonds to 2.3%.

Overall, both plasma treatments significantly modify the surface composition, with
fluorinated plasma having a more pronounced effect on the formation of carbon-

oxygen bonds, likely due to the etching effect on silicon.
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4.5.1.2.2 Summary

The XPS analysis of coated samples reveals that Argon plasma treatment leads
to partial oxidation of the silicone layer, reducing the C-C/C-H/C-Si bonds and
introducing new oxygenated species such as C-O/C-N and C=0O bonds. The
reduction in these bonds indicates that Argon plasma primarily engages in
physical etching, with limited oxidation. In contrast, fluorinated plasma treatment
results in more extensive chemical modification, as evidenced by a greater
reduction in C-C/C-H/C-Si bonds and a significant increase in oxidised species.
The formation of SiO, bonds, particularly under fluorinated plasma treatment,
suggests the effective oxidation of the silicone surface, leading to improved

surface properties.

Silicon contaminants, particularly groups such as Si-O and Si-CHS3, significantly
affect the surface properties by forming a hydrophobic layer that diminishes the
effectiveness of plasma treatment. The presence of these contaminants alters
the plasma’s ability to modify the surface, impacting the material's wettability,
adhesion, and overall chemical characteristics. Even trace amounts of silicon can
significantly interfere with surface treatments and bonding processes,
emphasising the need for effective removal techniques to ensure reliable

adhesion and surface modification(49)

Both argon and fluorinated plasma treatments are effective at etching and
modifying contaminated surfaces. This is evidenced by the reduction of original
carbon and silicon bonds and the introduction of new oxidised species. However,
fluorinated plasma tends to be more aggressive in its etching behaviour. A study
by (324) compared different fluorocarbon plasmas and their effects on etching
kinetics, noting that fluorine atoms act as the primary agents for silicon etching,

significantly enhancing the removal of silicon-based contaminants.
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4.5.1.3 Contamination Removal Focused Study

Spin Coated samples (CM2) were plasma processed with RF plasma processing
every 1mm. XPS was used to understand the relative percentages of elements

at the surface of the composite.

XPS analysis on samples treated with RF argon plasma alone, showed a
negligible effect of plasma surface treatment in terms of percentage Silicon
reduction. Oxygen containing species at the surface did appear to increase after
plasma treatment in all 3 cases. For the fluorinated plasma processed samples,
there was a significant reduction in silicon found at the surface, when compared
to the untreated samples. Sulphur was also found at the surface of these
samples. This could be due to the presence of sulphur in the reactive gas, or due
to the presence of sulphur found in the epoxy of uncoated samples as shown in
Figure 4-38.

No Plasma |Argon Plasma| Fluorinated

Treatment Plasma

S S
I 2%

1%—

C

Figure 4-38 XPS compositional anaylisis of samples which have been spin coated.

The affect of argon plasma treatment with fluorinated argon plasma treatment was
compared with completely untreated samples. Plasma treatment was conducted
with a raster of Imm in between passes.
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Table 4-16 Atomic Percentages of Each Element

Treatment C((%) S (%) Si(%) O (%)
No Plasma Treatment 58 1 23 17
Argon Plasma Treatment 53 2 19 26
Fluorinated Plasma Treatment 78 4 2 16

The contaminated samples, as displayed in Table 4-16 and Figure 4-38, show a
significant presence of carbon (58%) and silicon (23%), with lower amounts of
oxygen (17%) and sulphur (1%). This indicates that the contamination consists

predominantly of organic material and silicon-based compounds.

With Argon Plasma treatment there is a reduction in carbon content (53%) and
silicon content (19%), with an increase in oxygen content (26%) and sulphur
content (2%). This suggests that Argon plasma treatment effectively etches the
surface, removing some of the organic contamination and partially oxidising the

surface.

Jalvi | “ Silicone Containting Peaks!

Figure 4-39 XPS Line Scan of an Untreated Sample (Green) and Sample treated
with Fluorinated plasma (blue). The green line scan shows two peaks; Si2s (left)
and Si2p (right). The blue scan does not show presence of Silicon due to the low
resolution nature of the line scan and the low concentration of Si on the sample

surface after treatment.
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Table 4-17 Displaying the average (taken from 3 separate curves) Silicon Regions

of Contaminated and plasma treatment samples.

Bonding Environment
Percentage (%) of region | Si R2SiO Si02
No Plasma Treatment 2.2 (+/- 3.1) 78.3 (+/- 6) 19.5 (+/- 7.4)
Argon Plasma Treatment 66.1 (+/- 0.8) 33.9 (+/- 0.8)
Fluorinated Treatment 1.8 (+/- 2.5) 98.2 (+/- 2.5)

The data in the Argon plasma treatment region results in a consistent composition
across samples, with approximately 66.1% R2SiO and 33.9% SiO2, with
elemental silicone undetected. ‘R’ in this instance represents an organic group
such as CHs which is commonly found in silicones. This indicates effective
etching and oxidation, converting a portion of the silicon surface into silicon
dioxide, and possibly contributing to removal of Si contamination and other
contaminants Figure 4-40 shows the distribution of silicon bonding states varies
significantly, indicating uneven contamination and different levels of oxidation.
Argon plasma treatment results in a consistent composition across samples, with
approximately 66.1% R2SiO and 33.9% SiO2, with elemental silicone
undetected. This indicates effective etching and oxidation, converting a portion of
the silicon surface into silicon dioxide, and possibly contributing to removal of Si
contamination and other contaminants(325-327).

Fluorinated Plasma Treatment indicates that there may be some variation, with
sample 1 having a predominantly R2SiO (94.62%) region alongside minimal
elemental silicon (5.38%) and no SiO2. Samples 2 and 3 exhibit complete
conversion to R2SiO (100%), with no detectable elemental silicon or SiO2. This
indicates a highly effective oxidation process, converting nearly all the surface to
the R2SiO state, alongside physical etching leading to minimal residual
contamination. Accompanying this with data from Table 4-16, the minimal

presence of silicon (2%) and high carbon content (78%) suggest the formation of
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a fluorocarbon layer, which significantly alters the surface composition
(324,326,327,330).

Lim et al (324) compare the effects of different fluorocarbon-based plasmas (CF4,
CHF3, and CaFs mixed with Ar/Oz2) on silicon etching, highlighting how variations
in gas composition influence plasma parameters and etching mechanisms. It
finds that fluorine atoms primarily drive the chemical etching pathway, with each
gas mixture showing distinct behaviours in polymer film formation and etching
selectivity. variations in surface oxidation and polymer film formation, consistent
with the described outcomes of fluorinated plasma treatment converting surfaces
to R2SiO and forming fluorocarbon layers.

Table 4-17 Displaying the average (taken from 3 separate curves) Silicon
Regions of Contaminated and plasma treatment samples. provides insights into
the changes in silicon bonding environments after plasma treatment on
contaminated silicone surfaces. When comparing samples with no Plasma
treatment, the bonding state is predominantly R2SiO with variable levels of Si
and SiO2.

Without plasma treatment, surfaces tend to have uneven contamination and
different levels of oxidation, leading to variability in the silicon bonding states such
as Si, SiO2, and various suboxides like R2SiO.

This is because plasma treatments typically enhance the hydrophilicity and
uniformity of the surface. Plasma treatments are known to remove organic
contaminants, and such would likely result in less Silicon-Carbon chains, a higher
concentration of silicon overall and the formation of silicon oxides on the surface
(328,329).

Figure 4-40 shows the distribution of silicon bonding states varies significantly,
indicating uneven contamination and different levels of oxidation. Argon plasma
treatment results in a consistent composition across samples, with approximately
66.1% R2SiO and 33.9% SiO2, with elemental silicone undetected. This indicates

effective etching and oxidation, converting a portion of the silicon surface into
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silicon dioxide, and possibly contributing to removal of Si contamination and other
contaminants(325-327).

Fluorinated Plasma Treatment indicates that there may be some variation, with
sample 1 having a predominantly R2SiO (94.62%) region alongside minimal
elemental silicon (5.38%) and no SiO2. Samples 2 and 3 exhibit complete
conversion to R2SiO (100%), with no detectable elemental silicon or SiO2. This
indicates a highly effective oxidation process, converting nearly all the surface to
the R2SiO state, alongside physical etching leading to minimal residual
contamination. Accompanying this with data from Table 4-16, the minimal
presence of silicon (2%) and high carbon content (78%) suggest the formation of
a fluorocarbon layer, which significantly alters the surface composition
(324,326,327,330).

Lim et al (324) compare the effects of different fluorocarbon-based plasmas (CF4,
CHFs3, and CaFs mixed with Ar/Oz2) on silicon etching, highlighting how variations
in gas composition influence plasma parameters and etching mechanisms. It
finds that fluorine atoms primarily drive the chemical etching pathway, with each
gas mixture showing distinct behaviours in polymer film formation and etching
selectivity. variations in surface oxidation and polymer film formation, consistent
with the described outcomes of fluorinated plasma treatment converting surfaces

to R2SiO and forming fluorocarbon layers.

199



&
€

Binding Energies of
Si chemical states Y ' SiC

107.00 106.00 105.00 104.00 103.00 102.00 101.00 100.00 99.00

Binding Energy (eV)

Clspotl ——Clspot2 ——C1spot3 C1Ar Spotl C1Ar Spot2
——C1Ar Spot3

SFSpotl ——SFSpot2 ——SF Spot3

Figure 4-40 Displaying the Si2p binding energy profiles of untreated (blue), argon
treated (green) and fluorinated plasma (red) treated samples. Data was collected
from 3 random data points across each sample. The data shows the distribution
of silicon bonding states varies significantly, indicating uneven contamination
and different levels of oxidation (315-317).

When considering argon treatment, by contrast, Lim et al (324) suggests that
pure argon etching results in low physical sputtering rates (<5nm/min). They
further emphasise the minimal contribution of pure argon to the etching process

compared to reactive ion etching involving fluorocarbon gases.
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The increase in oxygen content under argon treatment is consistent with the
formation of new oxygen-containing functional groups, as seen in the increase of
SiO2 in Argon plasma treatment results in a consistent composition across
samples, with approximately 66.1% R2SiO and 33.9% SiO2, with elemental
silicon undetected. This indicates effective etching and oxidation, converting a
portion of the silicon surface into silicon dioxide, and possibly contributing to
removal of Si contamination and other contaminants and the increase of oxygen
containing carbon species in Figure 4-40 shows the distribution of silicon bonding
states varies significantly, indicating uneven contamination and different levels of
oxidation. Argon plasma treatment results in a consistent composition across
samples, with approximately 66.1% R2SIiO and 33.9% SiO2, with elemental
silicone undetected. This indicates effective etching and oxidation, converting a
portion of the silicon surface into silicon dioxide, and possibly contributing to

removal of Si contamination and other contaminants(325-327).

Fluorinated Plasma Treatment indicates that there may be some variation, with
sample 1 having a predominantly R2SiO (94.62%) region alongside minimal
elemental silicon (5.38%) and no SiO2. Samples 2 and 3 exhibit complete
conversion to R2SiO (100%), with no detectable elemental silicon or SiO2. This
indicates a highly effective oxidation process, converting nearly all the surface to
the R2SiO state, alongside physical etching leading to minimal residual
contamination. Accompanying this with data from Table 4-16, the minimal
presence of silicon (2%) and high carbon content (78%) suggest the formation of
a fluorocarbon layer, which significantly alters the surface composition
(324,326,327,330).

Lim et al (324) compare the effects of different fluorocarbon-based plasmas (CF4,
CHFs, and CaFs mixed with Ar/Oz2) on silicon etching, highlighting how variations
in gas composition influence plasma parameters and etching mechanisms. It
finds that fluorine atoms primarily drive the chemical etching pathway, with each
gas mixture showing distinct behaviours in polymer film formation and etching

selectivity. variations in surface oxidation and polymer film formation, consistent
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with the described outcomes of fluorinated plasma treatment converting surfaces

to R2SiO and forming fluorocarbon layers.

When looking at the C1s part of the samples’ spectrum, as displayed in Figure
4-41 and detailed in
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Table 4-18 the majority of carbon atoms are found in the C-C bonding
environment, accounting for 81.2% * 2.2% of the total carbon of untreated
samples. The C-O bond comprises 14.2% + 2.2%, while the C=0 bond makes
up 3.9% = 1.2%. The presence of O=C-O / O=C-R groups is barely detectable
and inconsistent, representing only 0.7% + 0.7% of the carbon bonds, with no

detectable O=CO, or C-F groups.

Under Argon treatment, there is a noticeable shift in the carbon bonding
environment. The proportion of C-C bonds increases slightly to 85.3% + 6.4%,
suggesting that Argon plasma treatment enhances the retention of C-C bonds or
reduces the formation of oxygenated carbon species. The percentage of C-O
bonds decreases significantly to 5.3% + 3.7%, indicating a reduction in oxygen-
containing functional groups. Interestingly, the C=0 bonds increase slightly to
5.3% £ 3.6%, with O=C-O / O=C-R also increasing, which account for 2.6% =+
1.9%. A new bonding environments emerges, O=CO,, although its significance

is negligible as it makes up only 1.5% + 1.5%.
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Figure 4-41 Displaying the C1s binding energy profiles of untreated (blue), argon

treated (green) and fluorinated plasma (red) treated samples. Data was collected

from 3 random data points across each sample.
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Table 4-18 Describing the average (taken from 3 separate curves) percentage of

carbon Cls binding regions under different plasma conditions.

Percentage of region (%)

Bonding
. 0=C-O /
environment | c.c c-0 C=0 0=CO2 |C-F
0=C-R
No Plasma | 81.2 14.2 3.9 0.7

Treatment (+-2.2) |(+/-2.2) | (+/-1.2) | (+/-0.7)

Argon 85.3 5.3 5.3 2.6 1.5
Treatment (+/-6.4) | (+/-3.7) | (#/-3.6) | (+/-1.9) | (+/-1.5)

Fluorinated | 83.4 7.4 57 1.5 1.4 0.6
Treatment (+/-1.4) | (+/-15) |(+/-0.6) | (+/-1.8) |[(+/-0.5) |(+/-0.6)

Fluorinated plasma further modifies the carbon bonding landscape. The C-C
bonds account for 83.4% = 1.4%, dominating the environment just as with
samples processed with argon plasma or no plasma at all. The C-O bond
percentage increases to 7.4% * 1.5%, suggesting retention of oxygenated groups
under fluorinated plasma processing. The percentage of C=0 bonds continue to
remain relatively the same as argon treatment at 5.7% + 0.6%. The O=C-O /
O=C-R groups are present at 1.5% + 1.8%, while O=CO, bonds account for 1.4%
+ 0.5%. Additionally, the fluorinated treatment introduces C-F bonds, which,
although minor, are detected at 0.6% + 0.6%, indicating some incorporation of

fluorine into the carbon structure.

To understand the effects of various treatments on the chemical composition of
the material, particularly the bonding of oxygen to carbon, the percentage of total
oxygen associated with carbon species was analysed, as presented in Table
4-19.
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Table 4-19 Showing average (taken from 3 separate curves) Percentage Total

Oxygen from Carbon Species

No Plasma | Argon Fluorinated
Treatment Treatment Treatment

Amount of Carbon from Survey

80.1 (+/- 1.4) | 66.6 (+/- 9.7) | 82.6 (+/- 0.7)

Amount of Oxygen from Survey

19.9 (+/- 1.4) | 33.4 (+/- 9.7) | 17.4 (+/- 0.7)

Atomic Percent
(portion of Oxygen Amount from Survey)

11.7 (+/- 1.1) | 10.9 (+/- 3.5) | 14.6 (+/- 1.2)

Remaining Oxygen Amount from Survey

8.3 (+-0.7) | 22.4 (+-6.3) | 2.8 (+/- 1.2)

Percentage of Total Oxygen from

Carbon Species 58.4 (+/- 2.6) | 32.6 (+/- 2.0) | 83.8 (+/- 6.5)

The amount of carbon from the survey, which represents the atomic percentage
of carbon within the sample, needs to be identified. In the untreated sample, the
carbon content was measured at 80.1% + 1.4%. Following Argon plasma
treatment, this value decreased to 66.6% + 9.7%, while it increased to 82.6% =+

0.7% after the fluorinated plasma treatment.

Subsequently, the Amount of Oxygen from the Survey was assessed to
determine the total percentage of oxygen present in the sample. For the untreated
sample, oxygen constituted 19.9% + 1.4% of the composition. After Argon
treatment, the oxygen content increased to 33.4% + 9.7%, but decreased to

17.4% * 0.7% following fluorinated treatment.

In order to determine how much of this oxygen is specifically bonded to carbon
atoms, the Atomic Percent (portion of Oxygen Amount from the Survey) was
calculated. This metric quantifies the percentage of total oxygen that is bonded
to carbon. The untreated sample showed an atomic percent of 11.7% + 1.1%,

which slightly decreased to 10.9% + 3.5% after Argon treatment, and increased
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to 14.6% = 1.2% following fluorinated treatment. This analysis provides insight
into the extent of oxygen-carbon bonding within the sample under different

treatment conditions.

To gain further insight, the Remaining Oxygen Amount from the Survey was
evaluated. This parameter, representing the oxygen not associated with carbon,
was calculated by subtracting the oxygen bonded to carbon from the total oxygen
content. The untreated samples exhibited a remaining oxygen amount of 8.3% +
0.7%. This value increased significantly to 22.4% + 6.3% after Argon treatment
but decreased to 2.8% * 1.2% following fluorinated treatment. The remaining
oxygen helps to clarify the portion of oxygen that is either free or bonded to

elements other than carbon.

Finally, the Percentage of Total Oxygen from Carbon Species was determined.
This key metric indicates the percentage of total oxygen in the sample that is
specifically bonded to carbon atoms. In the untreated sample, 58.4% * 2.6% of
the oxygen was associated with carbon. After Argon treatment, this percentage
decreased to 32.6% * 2.0%, but it increased markedly to 83.8% + 6.5% following
fluorinated treatment. This increase may slightly influence the increase in the
percentage amount of carbon and a slight decrease in the percentage of oxygen,
skewing to show that more of the oxygen that is present, is attached to the carbon,
as oxygen is more abundant.

Table 4-19 shows a reduction in Percentage of Total Oxygen from Carbon
Species even though data from
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Table 4-18 would suggest otherwise. The data from these two tables, combined
with the data from Table 4-16 shows that although argon plasma may increase
the percentage of oxygenated carbon species, it is likely that the increase in
oxygen is in the form of either atomic oxygen, or oxygenation of other species

such as silicon.

After fluorinated Plasma Treatment there is a significant increase in carbon
content (78%) and sulphur content (4%), with a drastic reduction in silicon content

(2%) and a slight decrease in oxygen content (16%).

Table 4-19 Showing average (taken from 3 separate curves) Percentage Total
Oxygen from Carbon Species indicates that argon plasma increases percentages
of oxygen at the surface of samples, however these are not bonded to carbon,
where fluorinated plasma results in a higher percentage of oxygen-carbon bonds.
When comparing this to the data observed in Table 4-16 and Table 4-17 it makes
sense that this would be the case, with argon plasma increasing the percentage
of oxygen at the surface, although this may result in more carbon-oxygen bonds,
the higher amounts of oxygen has also resulted in more oxygen bonds with
silicon, converting Si-O to Si-O2. Fluorinated plasma not only shows
predominantly more Si-O bonds to Si-O2 bonds, but it also demonstrates a
decrease in overall silicon from about a quarter of the content to roughly 2%. As
a result, the carbon content is the predominant content for the oxygen content to
form bonds with.
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4.5.1.4 Summary

All the data supports that fluorinated plasma treatment was successful in
removing surface contamination. Although a trace amount of surface
contamination remains, there is a significant reduction regardless for how many
times the surface had been spin coated. This trace amount could also be due to

trace amount sulphur.

For these results comparing argon plasma treatment alone, to Fluorinated argon
plasma treatment, argon would appear to be suitable for applications where
moderate cleaning and oxidation are sufficient, where treatment results in
significant etching and partial oxidation, the treatment converts a substantial

portion of the surface to SiO2.

Fluorinated plasma, in contrast, appears to provide a more extensive surface
modification. The highly reactive fluorine radicals oxidise the silicon surface more
thoroughly, converting it predominantly to R2SiO. This treatment is more effective
for achieving comprehensive surface oxidation, even on lightly contaminated

surfaces.

This suggests that fluorinated plasma treatment introduces a substantial amount
of carbon-fluorine bonds on the surface, as also observed in the work of Lim et al
(324).

Reactive fluorine radicals in fluorinated plasma treatments effectively etch and
oxidise the silicon surface, leading to the formation of various silicon-fluorine
compounds. Fluorine atoms generated in plasma etching processes, such as
those involving CF4/O2, SFs, or NFs, react with silicon to form silicon-fluorine
compounds. This reaction is well-documented and results in the formation of
volatile SiF4 as a primary product. Additionally, these treatments result in the
deposition of a fluorocarbon layer on the surface, which can obscure the
underlying silicon in XPS analysis due to signal attenuation (34,324,331-333)
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4.5.2 Surface Energy & Adhesion

Understanding the surface energy and adhesion properties of MTM44-1
composites is crucial for their application in high-performance aerospace and
industrial sectors. This section examines the key metrics of water contact angle,
surface energy, and lap shear strength to evaluate pre and post plasma

processing bonding and adhesion characteristics.

Up to 4 surface treatment regimes, alongside untreated samples, were compared
on both coated and uncoated samples. These regimes are detailed in Table 3-1

detailing the shorthand names for various treatment methods.

4.5.2.1 Water Contact Angle

Water contact angle measurements assess the wettability of a material's surface
by evaluating the angle formed between a water droplet and the surface. A low
contact angle indicates high wettability and hydrophilicity, suggesting strong
adhesive potential. Conversely, a high contact angle indicates hydrophobicity,

which may impede adhesion.
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Figure 4-42 A map displaying the WCAs across a sample that was treated by 1

pass of radio frequency plasma.

RF plasma was used to treat a clean 100mmx25mm sample at 1m/min. This is

to give a clear understanding of how a single plasma pass can improve the
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wettability across a sample, as visualised in Figure 4-42. The water contact angle
was measured across the sample every 2mm. Three measurements in total were
made every 3mm. MATLAB was used to visualise the water contact angle change
across the sample to understand where the saturated region of each pass lies.
The RF torch has an inner diameter of 17mm, although the saturated region is

between 19-24mm across, with a 34mm effective treatment width.

4.5.2.2 Surface Energy

Surface energy measurements are essential for evaluating the adhesive potential
and interfacial compatibility of MTM44-1 composites. Quantifying surface energy
provides insights into the work of adhesion and the interaction between the

composite and other materials.

Figure 4-43 illustrates the surface energy (mN/m) of samples subjected to various
plasma treatments, with a comparison between uncontaminated samples
(represented by blue bars) and contaminated samples (represented by orange
bars). The treatments evaluated include PT-2, PT-3, PT-4 (as described in Table

3-1) with comparison to samples without plasma treatment.
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Figure 4-43 Surface energy of original (blue) and coated (orange) and
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uncontaminated (blue bars) samples subjected to different plasma treatments.
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The untreated samples show a significant disparity in surface energy between
uncontaminated and contaminated conditions. Plasma treatments PT-2, PT-3,
and PT-4 substantially increase surface energy for both uncontaminated and
contaminated samples, with minimal differences between the two conditions,

indicating the treatments' effectiveness in mitigating the impact of contamination.

The surface energy for uncontaminated samples that received no treatment is an
average of 35mN/m. The surface energy for contaminated samples without
treatment is significantly lower, around 11mN/m. This demonstrates the adverse

effect of contamination on surface energy when no treatment is applied.

After treatment with PT-2, the surface energy of original (uncontaminated)
samples increases substantially to an average of just shy of 63mN/m. This shows
a significant enhancement in surface energy due to the plasma treatment. Coated
(contaminated) samples treated with PT-2 also experience a significant increase

in surface energy, reaching to similar surface energies to the original samples.

This indicates that PT-2 is effective in mitigating the negative effects of

contamination coating.

The surface energy of both original and coated samples treated with PT-3 is
approximately 66mN/m, which is marginally the highest among all the treatments,
indicating a robust enhancement in surface properties. This suggests that PT-3

maintains high surface energy even in the presence of contamination.

The surface energy of both original and coated samples treated with PT-4 is
around 65mN/m, slightly lower than PT-3 but still very high, demonstrating
significant surface energy improvement. With both coated and original samples
having similar results, PT-4 was also effective in counteracting the effects of

contamination on surface energy.

The effect of hydrophobic recovery over time was assessed in PT2 samples and
displayed in Figure 4-44. The data captures the impact of plasma treatment on
both clean and coated surfaces at two different time intervals: immediately after

treatment (<1 hour) and after 1 week (168 hours).
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Figure 4-44 Surface energy of clean (blue) and coated (red) samples 1 hour and
168 hours after argon plasma treatment. The dark blue and dark red regions of the
stacked bars represent the pre-plasma surface energies of the clean and coated
samples, respectively. The light blue and light red regions show the increase in
surface energy due to plasma treatment.

For uncoated samples, those that underwent plasma treatment exhibited a
significantly higher surface energy (62.6 mN/m) compared to the non-treated
samples, which had a surface energy of 34.26 mN/m. This indicates that the
plasma treatment substantially enhances the surface energy of clean surfaces.
Similarly, the plasma-treated coated samples showed an increase in surface
energy (52.5 mN/m) compared to the non-treated coated samples which had a

much lower surface energy of 10.8 mN/m.

After 168 hours, the surface energy of the plasma-treated clean samples
decreased from 62.6 mN/m to 40.7 mN/m, showing a reduction over time but
remaining significantly higher than the non-treated samples, with a surface
energy of 34.26 mN/m. The surface energy of the plasma-treated coated samples
also declined, from 52.5 mN/m to 24.2 mN/m. In contrast, the non-treated coated

samples had a considerably lower surface energy of just 10.8 mN/m.
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The argon plasma treatment significantly enhances the surface energy of both
clean and coated samples initially. Over time, the surface energy of the plasma-
treated samples decreases, indicating some loss of the initial surface modification
effects. However, even after 168 hours, the plasma-treated surfaces still maintain

higher surface energy than their non-treated counterparts.

The surface energy of clean and coated samples subjected to fluorinated plasma
treatment (PT3) was measured over time, with comparisons made to samples
that were not treated with plasma as displayed in Figure 4-44 respectively. The
surface energy was recorded at three different time intervals: immediately after
treatment (1 hour), after 24 hours, and after 48 hours.

The clean samples treated with fluorinated plasma exhibited a high surface
energy of 66.5 mN/m, which is significantly higher than the non-treated clean
samples, which had a surface energy of 34.26 mN/m. This indicates a substantial

increase in surface energy due to the plasma treatment.

The coated samples also showed a high surface energy of 66.2 mN/m
immediately after plasma treatment, a stark contrast to the much lower surface

energy of 10.8 mN/m observed in the non-treated coated samples.

After 24 hours, the surface energy of the plasma-treated clean samples
decreased slightly to 64.6 mN/m and further declined to 60.1 mN/m after 48
hours. Although there is a reduction in surface energy over time, the treated clean
samples still maintained significantly higher surface energy compared to the non-

treated samples.

The surface energy of the plasma-treated coated samples remained relatively
stable over time, with only a minor decrease from 66.2 mN/m at 1 hour to 65.5
mN/m at 24 hours and 48 hours. This suggests that the fluorinated plasma

treatment provides a lasting surface energy enhancement on coated surfaces.
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Figure 4-45 Surface energy of coated and non-coated samples measured at 1, 24,
and 48 hours post fluorinated RF plasma treatment using an adapted raster
pattern (PT3). Blue markers represent clean (non-coated) samples, while red
markers indicate coated samples. The light blue and orange lines represents the

pre-plasma surface energy of the original, and coated samples respectively.

PT3 significantly enhances the surface energy of both clean and coated
samples, with the initial surface energy values being much higher than those of
the non-treated samples. Over time, the surface energy of the plasma-treated
clean samples decreases slightly, indicating some reduction in the plasma-
induced surface modification. However, the surface energy remains significantly
higher than that of non-treated samples, even after 48 hours. The coated samples
treated with plasma exhibit excellent stability, with minimal changes in surface

energy over the 3-day period.

In order to further examine the longer-term effect of the surface energy of
uncoated fluorinated plasma treatment (PT3) was measured over a prolonged
post-treatment period. The surface energy was measured at five different time
intervals: immediately after treatment (1 hour), 24 hours, 48 hours, 168 hours (7

days), and 336 hours (14 days) as displayed in Figure 4-46.
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Figure 4-46 Surface energy of clean samples treated with fluorinated plasma
(PT3) measured over two weeks. Blue markers represent the surface energy
post-plasma treatment at each time interval, showing an initial decrease from
66.5 mN/m at 1 hour to 60.0 mN/m at 336 hours. The purple region represents the
pre-plasma surface energy.

The clean samples treated with fluorinated plasma initially displayed a high
surface energy of 66.5 mN/m, indicating a significant enhancement due to the
plasma treatment. After 24 hours, the surface energy slightly decreased to 64.6
mN/m. At the 14-day mark, the surface energy slightly decreased again to 60.0
mN/m, indicating that while the surface energy remains relatively stable after the
initial drop, there is a slight downward trend over this time. However, from
observation it appears that the surface energy is still relatively stable, post 48

hours.

The surface energy stabilises around 60.0 mN/m after 14 days, which is still
considerably higher than the initial surface energy of untreated samples. This
suggests that while some loss of surface energy enhancement occurs, the
treatment remains effective in maintaining a higher surface energy over an

extended period.
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The data suggests that fluorinated plasma treatment (PT3) could be beneficial for
applications where enhanced surface energy is required for up to two weeks, with

relatively stable performance after the initial aging period.
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4.5.2.3 Lap shear

Lap shear strength tests are pivotal in assessing the adhesive performance of
MTM44-1 composites under shear stress conditions, which are common in
structural applications. This test measures the force required to slide one layer of
composite material over another, providing a quantitative evaluation of the
adhesive bond strength. High lap shear strength values indicate robust adhesive
bonds capable of withstanding significant mechanical loads without failure. These
results are critical for applications in aerospace and other industries where
reliable adhesion is essential for structural integrity and safety. By analysing lap
shear strength in conjunction with surface energy and contact angle
measurements, we gain comprehensive insights into the adhesive properties and

performance of MTM44-1 composites under practical conditions.

The breakage strength of the samples was evaluated along with the breakage
mechanisms of each joint. These visual and categorical analyses provide critical
insights into the effectiveness of different plasma treatments and the role of
contamination in determining the failure modes of adhesively bonded joints. They
also highlight the importance of comprehensive surface preparation in ensuring

the durability and strength of bonded assemblies.

In section 4.2.3, Araldite 420 adhesive was used, which was a strong, liquid
application adhesive. It was difficult to ensure constant bond line thickness with
this adhesive and the strength of this adhesive was too high to give a comparison
between treated and non-treated samples, which showed to be largely the same.
For this study, a thin film adhesive, FM300 0.33mm, was used, supplied to the
study from the National Composites Centre. This contained a mesh to ensure an

equal bond line thickness across the bonding area.

Figure 4-47 shows the breakage force (kN) of lap shear samples subjected to
different plasma treatment conditions, comparing the performance of
uncontaminated (blue bars) and contaminated (orange bars) samples. The
plasma treatments are denoted as Untreated, PT1, PT2, PT3, and PT4, as
described in Table 3-1.
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The breakage force for uncontaminated untreated samples was recorded at
4.2kKN (+/-0.18), whereas contaminated untreated samples exhibited a
substantial reduction in strength, with a breakage force of only 0.25kN (+0.75/-
0.25). This highlights the significant detrimental effect of contamination on

adhesion strength in the absence of plasma treatment.
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Figure 4-47 Lap Shear samples under various plasma conditions, comparing
original samples (blue) and coated samples (orange). The untreated samples
exhibit a significant difference in breakage force, with uncontaminated samples
exceeding 4 kN and contaminated samples breaking below 1kN. Plasma
treatments PT-1, PT-2, PT-3, and PT-4 all enhance the breakage force of both
original and coated samples.

Uncontaminated samples treated with PT1 (argon) displayed a marked increase
in breakage force to 7.9kN (+/-0.4), indicating a significant enhancement in
adhesion strength due to the plasma treatment. However, when contaminated,
the breakage force of PT-1 treated samples decreased to 3.4kN (+/-0.53),
suggesting that while the treatment mitigates the adverse effects of

contamination, it does not fully eliminate them.
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The PT-2 treated uncontaminated samples demonstrated a breakage force of
5.9kN (+/-1.8), which, while showing improvement, was slightly lower than that
observed with PT-1, and slightly overlaps within PT-1’s error. Contaminated
samples treated with PT-2 showed an increase in breakage force to 3.9kN
(+/0.3), indicating that this treatment could possibly be marginally more effective
in maintaining adhesion strength in the presence of contamination compared to

PT-1, although this also falls within the error of PT-1.

Samples treated with PT3 showed a breakage force of 7kN (+/-0.34) for
uncontaminated samples, comparable to PT1 in terms of enhancement. Notably,
the breakage force for contaminated PT3 treated samples remained high, at
around 6.5kN (+/-0.63), indicating that PT3 is highly effective in maintaining

adhesion strength even under contaminated conditions.

The breakage force for contaminated samples treated with PT4 was averaged
around 6.7kN (+/-0.1), suggesting that PT4 offers strong adhesion capabilities
under contaminated conditions. It is worth noting that data for uncontaminated
samples under PT-4 conditions were not tested due to material availability of the

samples.

The data indicate that all plasma treatments (PT1, PT2, PT3, and PT4)
significantly enhance the adhesion strength of lap shear samples relative to
untreated samples. The highest breakage forces were observed with PT1 and
PT-3 treatments. Contamination was found to substantially reduce the breakage
force in untreated samples; however, the application of plasma treatments,
particularly PT3 and PT4, was shown to effectively mitigate the impact of
contamination, maintaining relatively high adhesion strength even in the

presence of contaminants.

To better understand the failure mechanisms in adhesively bonded lap shear
samples, the breakage types were analysed post-failure. The images provided in
Figure 4-48 display evidence of the different failure modes. Table 4-20
summarises the different failure modes identified for both clean and contaminated

samples across various surface preparation conditions.
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Figure 4-48 displaying photos taken after failure of alap shear joint. These photos
document various failure types, with some joints featuring multiple failure areas
as detailed in PT3 contaminated samples which features all 3 failure methods.
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Table 4-20 showing the different failure methods found at the surface of lap shear

samples under different preparation conditions.

Clean Samples Contaminated Samples
No Plasma | Mixture of all 3 failure Adhesive Failure.
mechanisms.
PT1 Mixture of Cohesive Failure & | Predominantly
Substrate/Adherend Failure. Adhesive/Interface Failure.
PT2 Predominantly Cohesive Mixture of all 3 failure
Failure. mechanisms
PT3 Predominantly Mixture of all 3 failure
Substrate/Adherend Failure mechanisms
PT4 Mixture of Cohesive Failure
and
Substrate/Adherend Failure

For clean samples, untreated surfaces exhibited a mixture of all three failure
mechanisms, indicating inconsistent bonding. Plasma-treated samples (PT1,
PT2, PT3, PT4) generally showed more cohesive and adherend failures,
signifying stronger adhesion and bonding strength. In contrast, contaminated
samples typically showed more adhesive failures, with some plasma treatments
(e.g., PT1, PT2, and PT3) still resulting in mixed failure modes, though with a

predominance of adhesive failure in certain cases.

In some cases, a single joint is depicted that exhibits all three failure modes as
displayed in Figure 4-46. Although most joints primarily fail in one mode, this
sample illustrates the potential for multiple concurrent failure mechanisms, likely
influenced by a combination of surface treatment, contamination, and the
inherent material properties. It also visualises where the three different failure
mechanisms were determined. Interface failure is characterised by a dark green
epoxy layer on one side of the sample, with a relatively clean looking epoxy finish
surface layer on the adjoining coupon, similar to that of the unbonded section.
The cohesive failure mechanism can be characterised by layers of light green-
blue adhesive present on both sides of the broken sample. Substrate failure is

characterised by the presence of bare carbon fibre, likely present on both sides.
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Cohesive Failure Unbonded Substrate

Figure 4-49 displaying a failed joined displaying all 3 modes of failure. Although
most joints would predominantly break at only one mode of failure, this breakage

was the result of all 3.

The analysis of breakage types is crucial in evaluating the effectiveness of
surface treatments. Interface failure, or adhesive failure, occurs when there is a
clear separation between the adhesive and the substrate, indicating suboptimal
surface preparation. This type of failure suggests that the bonding between the
adhesive and the substrate is weaker than the cohesive strength of the adhesive
itself or the substrate’s structural integrity.

On the other hand, the absence of interface failure generally points to a
successful surface treatment, where the failure shifts to within the adhesive layer
(cohesive failure) or within the substrate itself (substrate or adherend failure).

Cohesive failure indicates a strong bond between the adhesive and the substrate
but a weakness within the adhesive material, whereas adherend failure suggests

that the bond strength exceeds the structural integrity of the substrate. This latter
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scenario could potentially raise concerns about whether the surface treatment
might have compromised the substrate, although SEM studies, as shown in

Figure 3-15, revealed no significant damage to the carbon fibres or the epoxy
surface post-treatment.
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4.5.2.4 Summary

The water contact angle measurements revealed that plasma treatments
significantly improve surface wettability, indicating higher adhesive potential.
Surface energy analysis further confirmed that plasma treatment enhances
interfacial compatibility, with higher surface energy values correlating with

stronger adhesive bonds.

When looking into the long-term effects of plasma processing, the effect seemed
promising post 48 hours after treatment. Although the difference in plasma
treatment mechanism resulting surface energy seemed negligible post 1 hour
after surface treatment, the data indicates that post 1 week, a more intense
surface treatment, such as is found in PT3, compared to PT2 (i.e. 6x as many
passes due to every 1mm vs 6mm pass regime) seemed to reduce hydrophobic
recovery time. This may be due to most samples reaching the maximum surface
energy possible for the sample type, with the effect of PT3 reaching further down
towards the subsurface, allowing for a thicker layer to prevent hydrophobic
recovery. It could also be due to the more intense treatment of PT3 resulting in a

physical surface roughening approach, that would not be visible under SEM.

Owen and Smith (26) suggests that plasma treatment creates a thin, silica-like,
brittle layer on the surface, which initially increases wettability by introducing polar
groups. However, over time, untreated polymer chains from the bulk can migrate
through cracks in this brittle layer, leading to the surface becoming hydrophobic
again. They note that more intense plasma treatments, which create thicker and
stronger silica layers, can slow down the migration of these polymer chains,
thereby delaying the hydrophobic recovery.

The intense treatments are likely to remove more contaminants and create a
surface that is less likely to revert to its original state due to a more thorough
modification of the surface chemistry. The repeated passes in PT3 could enhance
these effects by ensuring that the entire surface is uniformly treated, further

reducing the likelihood of hydrophobic recovery.
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Lap shear tests provided practical insights into the structural integrity and
adhesive performance of treated and untreated composites under mechanical
stress. The results showed that specific plasma treatments, depending on the
existence of contamination or not, led to cohesive or substrate failure modes
rather than interface failures, suggesting improved bonding due to enhanced
surface conditions. Importantly, the use of a thin film adhesive with consistent
bond line thickness allowed for a clearer distinction between treated and

untreated samples.

Overall, section 4.5.2.3 showed that fluorinated plasma, at either higher
concentrations of SFs or longer treatment methods, shows a more effective
treatment on contaminated samples, likely at the cause of fluorine-silicon
interactions, although for non-contaminated samples argon plasma alone proved
the most beneficial, likely due to better ionisation of pure argon when compared
to fluorinated argon.
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4.5.3 Summary of the effects of thermal radio frequency (RF) plasma

The effects of thermal radio frequency (RF) plasma, specifically reactive atom
plasma (RAP), on the surface modification of MTM44-1 composites was
explored, with a focus on surface chemistry, topography, and adhesive
properties. The RAP 300 was chosen due to its success in etching silicon-based

materials, making it a viable option for treating silicon-contaminated composites.

High temperatures generated by thermal RF plasma posed a significant
challenge, as they could cause composites to burn or degrade. To mitigate these
risks, an adapted raster pattern was implemented, spacing plasma passes at
1mm to allow for cooling, which distributed heat more evenly across the sample
surface. SEM analysis revealed that while RAP effectively treated the surface, it

did not show significant damage due to high temperature.

XPS was used to examine the chemical composition of the composites after
plasma treatment. Argon plasma treatment led to oxidation of the surface,
increasing the presence of oxygen-containing groups and reducing fluorine
content. Fluorinated plasma treatment introduced fluorine-containing groups,
significantly altering the surface chemistry by reducing C-C/C-H/C-Si bonds and
increasing C=0 and O=C-O groups. Overall. In contaminated samples,
fluorinated plasma reduced the percentage of silicon, indicating effective etching
and oxidation.

Plasma treatment significantly increased the surface energy of MTM44-1
composites, improving their wettability and adhesion properties. Surface energy
measurements showed substantial increases after treatment, especially with
fluorinated plasma, which maintained higher surface energy over time compared
to pre-plasma treatment. Lap shear tests confirmed that plasma-treated samples
had improved adhesive strength, with fluorinated plasma providing superior
adhesion on contaminated surfaces. The failure analysis indicated that plasma-
treated samples primarily experienced cohesive or substrate failures, reflecting
stronger adhesive bonds compared to untreated samples, which mostly exhibited

adhesive failures.
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5 Conclusions

This thesis explored the application of atmospheric pressure plasma (APP) as a
surface treatment technique for carbon-fibre epoxy composites, specifically
focusing on the challenge of removing silicone-based release agents, which
posed a barrier to effective adhesive bonding in aerospace composite
manufacturing. Prior to this study, no successful method had been validated for

the reliable removal of such contamination without damaging the surface.

5.1 Summary of findings addressing aims and objectives

1. Investigate both non-thermal and thermal plasma for increasing adhesion

The first objective was achieved, using a mix of non-thermal sources, and one
RF thermal torch using either argon or argon and fluorine. Both plasma types
were indicated to increased adhesion. Thermal RF showed the highest removal

efficiency of silicone contaminants without visible surface degradation.

2. Measure the impact of plasma treatment on surface energy using contact

angle analysis

Plasma treatment decreased water contact angles significantly, increasing

wettability regardless of contamination or plasma source.

3. Assess short- and long-term ageing effects on surface energy

Short-term ageing (<48 hrs) retained high surface energy. Longer-term

studies indicate partial reversion depending on environmental exposure.

4. Optimise treatment speed for a uniform surface treatment

1 m/min treatment speed with a spiral raster pattern was found to provide an

effective surface treatment and thermal management without damage.

5. Investigate plasma treatment for silicone removal

Plasma (thermal RF with fluorinated gas) was effective in significantly

reducing silicone content, as validated by XPS and lap shear testing.
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5.2 Main findings

Regardless of thermal RF or non-thermal MW/DBD plasma, or choice of gas used
between argon, fluorinated argon or nitrogen, the study supported that
atmospheric pressure plasma (APP) was a viable method for surface treatment
of carbon fibre epoxy composites, particularly the aerospace grade composite
MTM44-1. All results showed that APP was capable of increasing surface energy
and/or decreasing the water contact angles, or composite surfaces, when

compared to before treatment.

Non-thermal dielectric barrier discharge (DBD) nitrogen plasma exerts a notable
influence on both uncontaminated and silicone-contaminated CFRP surfaces. In
uncontaminated samples, the plasma predominantly enhances surface oxidation,
leading to an increase in carbonyl and hydroxyl functionalities that elevate surface
energy and promote improved wettability. However, in heavily silicone-
contaminated samples, the same treatment is only patrtially effective in oxidising
and reducing the silicone layer, leaving residual contaminants that continue to
impede adhesion. These findings indicate that while DBD nitrogen plasma is a
useful tool for surface activation, it may require further optimisation or
complementary treatments to fully remove persistent contaminants like silicone-

based release agents.

Across all plasma treatment regimens, one consistent outcome is the
improvement in wettability, as evidenced by reduced water contact angles on
treated surfaces. This enhancement is achieved whether plasma fully eradicates
the silicone layer or causes surface chemistry interactions of the contamination
layer itself. However, when contamination is not, or only partially, removed, the
remaining silicone can still form a barrier to optimal adhesion, despite its
temporary increase in surface energy. Lap shear tests confirm that complete or
near-complete removal of silicone contamination correlates strongly with robust,
reliable bonding, underscoring the importance of thorough surface

decontamination for high-performance CFRP applications.

Argon plasma alone introduces polar functional groups through surface oxidation

and mild etching, effectively increasing the density of carbonyl or carboxyl groups.
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This process contributes to better adhesive bonding by creating chemically active

sites on the epoxy surface.

Fluorinated plasma had been shown in previous studies to remove surface
contamination, when used with a thermal RF torch. The fluorine atoms effectively
target Si—O and Si—CHs; bonds, significantly reducing silicone content. The
combination of higher temperatures, with the use of a fluorine and argon gas
mixture, resulted in significant removal of silicon at the surface of samples, to
much lower levels. As a result, lap shear results show that this surface treatment
has a comparable lab shear breakage force to that of uncontaminated samples
which have undergone plasma treatment, particularly when tripling the fluorine

content of the plasma’s feed gas.

This high temperature technique (Thermal RF plasma) was originally not explored
due to the possibility that it may cause samples to burn or degrade. Experimental
results confirm that thermal RF plasma, when applied in a spiral raster pattern at
a moderate treatment speed, does not induce observable thermal degradation in
CFRP substrates. Scanning electron microscopy (SEM) images showed no
significant signs of surface degradation from plasma, at speeds of 1m/min with a
spiral raster pattern used to allow the surface to cool in between passes. As a
result, it was concluded that a well-managed process can effectively remove

silicone contamination without compromising the composite’s structural integrity.

Overall, this research demonstrates that atmospheric pressure plasma can be
tailored through gas composition, plasma type, and treatment parameters to
provide effective surface preparation for adhesive bonding of CFRP composites.
The ability to remove silicone-based contaminants without mechanical abrasion
or solvent cleaning has strong implications for aerospace manufacturing,
particularly in automation and cleanroom environments. Thermal RF plasma
using a fluorine-argon mixture achieved the most effective removal of silicone
contamination, leading to lap shear strength comparable to uncontaminated

samples, especially when the fluorine content was tripled in the gas mixture.
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5.3 Recommendations for industrial applications

When considering the industrial applications of this study, Atmospheric pressure
plasma (APP) is strongly recommended as a viable and scalable surface
treatment for carbon fibre reinforced polymer (CFRP) composites in industrial
settings, particularly where silicone-based release agents are used in the
manufacturing process. The results suggest that plasma treatment not only
enhances surface wettability but, when optimally configured, can effectively

remove surface contaminants that traditionally hinder adhesive bonding.

For applications requiring the removal of silicone-based release agents (as often
is the case involving aerospace-grade composites like MTM44-1) the use of
thermal RF plasma with a fluorinated argon gas mixture is recommended.
Specifically, increasing the fluorine concentration in the feed gas (up to three
times the standard level) yielded the most significant reduction in silicone
contamination, while maintaining surface integrity. When applied at a speed of 1
m/min using a spiral raster pattern, this configuration provided excellent adhesion
results, comparable to those of uncontaminated control samples. This setup also
prevented thermal degradation, as confirmed by SEM imaging.

In contrast, argon-only and non-thermal plasma delivered moderate oxidation
effects that improved adhesion but was less effective in removing silicone
contamination. This configuration may still be suitable for less critical bonding
operations or for substrates that have already undergone surface cleaning

through other methods.

Therefore, for critical bonding applications, particularly in the aerospace and
defence sectors, the recommendation is to adopt thermal RF plasma systems
with fluorinated argon, optimised at 1 m/min treatment speed with spiral rastering
to ensure consistent exposure and adequate cooling. This method offers a
promising, contamination-removing alternative to traditional surface preparation
methods and can be integrated into automated, high-throughput manufacturing

lines with relatively low risk of substrate damage.
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6 Further Work

Future studies could focus on understanding the thermal effects and
morphological changes induced by plasma on the composite materials. While the
current work has provided significant insights into the surface temperatures,
further investigations using temperature-controlled experiments would help
quantify the thermal load transferred to the substrate during plasma processing.
Continuous heat monitoring, paired with advanced thermographic techniques,
could provide a clearer picture of how temperature fluctuations during plasma
treatment affect the surface and bulk properties of the composite material.

Additional surface investigations using scanning electron microscopy (SEM),
coupled with X-ray photoelectron spectroscopy (XPS) depth profiling, would be
beneficial. Such techniques would offer detailed insight into the microstructural
changes and the effective depth of plasma treatment. The extent of surface
etching and contamination removal could be evaluated, providing a more
comprehensive understanding of the plasma’s impact on surface roughness and
topography. Further XPS studies could assist in quantifying the remaining
contamination layers after plasma treatment and how these evolve with increased

plasma exposure or variations in gas composition.

To allow for the adoption of this technique into industry, additional studies are
required to explore optimised processing speeds. The results of this study
suggest that treatment speeds can significantly influence the adhesion properties
of composite surfaces; however, the trade-off between treatment efficiency and
time needs further exploration to enhance processing rates for industrial

applications without sacrificing treatment quality.

Further investigations into the aging effects of plasma-treated surfaces are also
necessary to determine the longevity of the enhanced adhesion properties.
Understanding how the surface chemistry, energy and lap shear strength decay
over time would allow proper storage and handling of composite post-processing
and understand the maximum time post-treatment that sample surfaces can still

be adhered to.
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Additionally, studies on scaling up the plasma treatment process should focus on
uniformity of treatment across larger surface areas. The feasibility of integrating
multiple plasma torches or continuous treatment systems could be evaluated,
especially for larger industrial components. Lastly, investigations into the effects
of gas concentrations and mixtures, such as altering the concentrations of SF6
to argon, would provide valuable information on optimising plasma chemistry for
different types of contamination and surface types. This could allow for more

tailored plasma treatments.

234



REFERENCES

1. Department for Business energy & Industrial Strategy, Department
for Transport. Policy paper: Aerospace Sector Deal [Internet]. 2020.
Available from:
https://www.gov.uk/government/publications/aerospace-sector-

deal/aerospace-sector-deal

2. Muhammad A, Rahman MdR, Baini R, Bin Bakri MK. Applications of
sustainable polymer composites in automobile and aerospace
industry. In: Advances in Sustainable Polymer Composites. 2021. p.
185-207.

3. Zhang J, Lin G, Vaidya U, Wang H. Past, present and future
prospective of global carbon fibre composite developments and
applications. Compos B Eng. 2023 Feb;250:110463.

4. Mugahed Amran YH, Alyousef R, Rashid RSM, Alabduljabbar H,
Hung CC. Properties and applications of FRP in strengthening RC
structures: A review. Structures. 2018 Nov;16:208-38.

5. Hasan Shuvo Z, Rahman MZ, Saha B, Hossain Ador MS. Composite
materials from synthetic and natural sources: Fabrication techniques
and applications. In: Comprehensive Materials Processing. Elsevier;
2024. p. 303-28.

6. Crothers P. The Challenge of High Rate Composite Manufacture In
Aerospace. In: e 23rd International Conference on Composite
Materials (ICCM23). ICCM; 2023.

7. Camanho PP, Matthews FL. Stress analysis and strength prediction
of mechanically fastened joints in FRP: a review. Compos Part A Appl
Sci Manuf. 1997 Jan;28(6):529-47.

235



10.

11.

12.

13.

14.

15.

16.

Azad HKM, Rahman MZ. Ceramic matrix composites with particulate
reinforcements—Progress over the past 15 vyears. In:

Comprehensive Materials Processing. Elsevier; 2024. p. 395-408.
Boeing Innovation Forum. In Glasgow; 2021.

Everden K. Comparing Surface Energy Thermodynamic Adhesion
Values With Mechanical Performance In Nanocomposites. In: e 23rd
International Conference on Composite Materials (ICCM23). Belfast:
ICCM; 2023.

Wypych G. Handbook of Antiblocking, Release, and Slip Additives:
Third Edition. Handbook of Antiblocking, Release, and Slip Additives:
Third Edition. 2014 Jan 1;1-344.

Markatos DN, Tserpes Kl, Rau E, Markus S, Ehrhart B, Pantelakis
Sp. The effects of manufacturing-induced and in-service related
bonding quality reduction on the mode-l fracture toughness of
composite bonded joints for aeronautical use. Compos B Eng. 2013
Feb;45(1):556-64.

Brune K, Tornow C, Noeske M, Wiesner T, Queiroz Barbosa AF,
Stamboroski S, et al. Surface analytical approaches contributing to
quality assurance during manufacture of functional interfaces.
Applied Adhesion Science. 2015 Dec 11;3(1):2.

Jeenjitkaew C, Luklinska Z, Guild F. Morphology and surface
chemistry of kissing bonds in adhesive joints produced by surface
contamination. Int J Adhes Adhes. 2010 Oct;30(7):643-53.

Van Deynse A, Cools P, Leys C, Morent R, De Geyter N. Influence
of ambient conditions on the aging behavior of plasma-treated
polyethylene surfaces. Surf Coat Technol. 2014 Nov;258:359-67.

Wang S, Wang Y, Gao M, Huang Y. Aging Effect of Plasma-Treated
Carbon Fiber Surface: From an Engineering Point. Coatings. 2024
Jan 6;14(1):80.

236



17.

18.

19.

20.

21.

22.

23.

Zhang H, Li W. Plasma-grafting polymerization on carbon fibers and
its effect on their composite properties. Appl Surf Sci. 2015 Nov
30;356:492-8.

Liang CH, Li C, Chen TH, Cheng CY, Huang C. Surface evaluation
of reactive plasma-modified microporous polypropylene membrane
by static contact angle analysis. Polym Degrad Stab [Internet].
2019;160:89-95. Available from:
https://doi.org/10.1016/j.polymdegradstab.2018.12.013

Lee YM, You J, Kim M, Kim TA, Lee SS, Bang J, et al. Highly
improved interfacial affinity in carbon fiber-reinforced polymer
composites via oxygen and nitrogen plasma-assisted
mechanochemistry. Compos B Eng [Internet].
2019;165(February):725-32. Available from:
https://doi.org/10.1016/j.compositesb.2019.02.021

Yu S, Oh KH, Hong SH. Enhancement of the mechanical properties
of basalt fiber-reinforced polyamide 6,6 composites by improving
interfacial bonding strength through plasma-polymerization. Compos
Sci Technol. 2019 Sep 29;182.

Subedi DP, Joshi UM, Wong CS. Dielectric barrier discharge (DBD)
plasmas and their applications. In: Plasma Science and Technology
for Emerging Economies: An AAAPT Experience [Internet]. Springer
Singapore; 2017 [cited 2020 Oct 28]. p. 693-737. Available from:
https://link.springer.com/chapter/10.1007/978-981-10-4217-1 13

Pappas D, Bujanda A, Demaree JD, Hirvonen JK, Kosik W, Jensen
R, et al. Surface modification of polyamide fibers and films using
atmospheric plasmas. Surf Coat Technol. 2006 Dec 20;201(7 SPEC.
ISS.):4384-8.

Kim KN, Lee SM, Mishra A, Yeom GY. Atmospheric pressure
plasmas for surface modification of flexible and printed electronic
devices: A review. Thin Solid Films. 2016 Jan;598:315-34.

237



24.

25.

26.

27.

28.

29.

30.

31.

32.

Pande N, Chauhan NPS, Kale S. Plasma polymerization and plasma
modification of surface for biomaterials applications. In: Fundamental

Biomaterials: Polymers. Elsevier; 2018. p. 171-8.

Shenton MJ, Stevens GC. Surface modification of polymer surfaces:
atmospheric plasma versus vacuum plasma treatments. J Phys D
Appl Phys. 2001 Sep 21;34(18):2761-8.

Owen MJ, Smith PJ. Plasma treatment of polydimethylsiloxane. J
Adhes Sci Technol. 1994;8(10):1063-75.

Shishoo R. Plasma Technologies for Textiles. Woodhead Publishing
Limited; 2007.

Coad BR, Favia P, Vasilev K, Griesser HJ. Plasma polymerization
for biomedical applications: A review. Plasma Processes and
Polymers. 2022 Nov 20;19(11).

Elammari FA, Daniels S. Polymer Surface Modification Using
Atmospheric Pressure Plasma. In: Encyclopedia of Materials:

Plastics and Polymers. Elsevier; 2022. p. 575-90.

Frumosu L, Bishop A, Castelli M, Bennett A, Nicholls J, Huang Z.
Effect of plasma processing parameters on the surface modification
of fibre reinforced composites by atmospheric pressure plasma
treatment. In: EUSPEN [Internet]. Copenhagen : euspen; 2021 [cited
2021 Aug 25]. Available from:
http://dspace.lib.cranfield.ac.uk/handle/1826/16928

Masruroh, J.D.H. Santjojo D. Surface Modification of Polystyrene by
Nitrogen Plasma Treatment. In: Coatings and Thin-Film

Technologies. IntechOpen; 2019.

Lachmann K, Omelan M, Neubert T, Hain K, Thomas M. Atmospheric
Pressure Plasma Treatment of Polymers to Enhance Adhesion. In:
Polymer Surface Modification to Enhance Adhesion. Wiley; 2024. p.
1-44.

238



33.

34.

35.

36.

37.

38.

39.

40.

Hegemann D, Brunner H, Oehr C. Plasma treatment of polymers for
surface and adhesion improvement. Nucl Instrum Methods Phys Res
B. 2003 Aug;208:281-6.

Verdonck P, Goodyear A, Mansano RD, Barroy PRJ, St. J.
Braithwaite N. Importance of fluorine surface diffusion for plasma
etching of silicon. Journal of Vacuum Science & Technology B:
Microelectronics and  Nanometer  Structures  Processing,
Measurement, and Phenomena. 2002 May 1;20(3):791-6.

Satulu V, lonita M, Vizireanu S, Mitu B, Dinescu G. Plasma
Processing with Fluorine Chemistry for Modification of Surfaces
Wettability. Molecules. 2016 Dec 13;21(12):1711.

Rajendra Prasad A, Ayre D, Huang Z. Plasma Surface Treatment for
Bonding Fibre-Reinforced Polymer Composites. [Cranfield]:
Cranfield University; 2022.

Zhao Y, Zhang C, Shao X, Wang Y, Qiu Y. Effect of Atmospheric
Plasma Treatment on Carbon Fiber/Epoxy Interfacial Adhesion. J
Adhes Sci Technol [Internet]. 2011 [cited 2021 Jun 2];25(20):2897—
908. Available from:
https://www.tandfonline.com/action/journalinformation?journalCode
=tast20

Drnovska H, Lapc€ik L, BurSikova V, Zemek J, Barros-Timmons AM.
Surface properties of polyethylene after low-temperature plasma
treatment. Colloid Polym Sci. 2003;281(11):1025-33.

Arinda PS, Santjojo DJDH, Masruroh M, Sakti SP. Stability of
polystyrene film surface wettability modified using oxygen plasma. In:
Materials Today: Proceedings. Elsevier Ltd; 2019. p. 24-9.

Panduranga P, Abdou A, Ren Z, Pedersen RH, Nezhad MP. Isotropic
silicon etch characteristics in a purely inductively coupled SF6

plasma. Journal of Vacuum Science & Technology B,

239



41.

42.

43.

44,

45.

46.

47.

48.

Nanotechnology and Microelectronics: Materials, Processing,

Measurement, and Phenomena. 2019 Nov 1;37(6).

He J, Wen X, Wu L, Chen H, Hu J, Hou X. Dielectric barrier discharge
plasma for nanomaterials: Fabrication, modification and analytical
applications. TrAC Trends in Analytical Chemistry. 2022
Nov;156:116715.

Kehrer M, Rottensteiner A, Hartl W, Duchoslav J, Thomas S, Stifter
D. Cold atmospheric pressure plasma treatment for adhesion
improvement on polypropylene surfaces. Surf Coat Technol. 2020
Dec;403:126389.

Navarro Rodriguez B. Plasma Pre-Treatment for Adhesive Bonding

of Aerospace Composite Components. 2016.

Coulon JF, Maillard H. Epoxy based composite surface analysis. A
plasma treatment for wettability evolution. EPJ Applied Physics.
2010;49(1).

Coulon JF, Maillard H. Epoxy based composite surface analysis. A
plasma treatment for wettability evolution. The European Physical
Journal Applied Physics [Internet]. 2010 Jan 11;49(1):13111.
Available from: http://www.epjap.org/10.1051/epjap/2009199

Rodriguez B. Plasma Pre-Treatment for Adhesive Bonding of
Aerospace Composite Components. 2016;(August):1-133. Available
from: http://bura.brunel.ac.uk/handle/2438/14669

Dighton C. Aspects of Bonded Composite Assemblies for Aerospace
Applications. 2020.

Dighton C, Rezai A, Ogin SL, Watts JF. Atmospheric plasma
treatment of CFRP composites to enhance structural bonding
investigated using surface analytical techniques. Int J Adhes Adhes.
2019 Jun 1;91:142-9.

240



49.

50.

51.

52.

53.

54.

55.

56.

Ledesma R, Dillingham G, Campbell B, Palmieri F, Yost W, Lin Y, et
al. Determination Of Trace Silicone Contamination on Composites by
Quantitative XPS and LIBS. In: SAMPE 2018. Long Beach, CA:
Langley Research Center; 2018.

Composites UK. USE OF COMPOSITE MATERIALS IN
AEROSPACE [Internet]. 2020 [cited 2020 Sep 7]. Available from:
https://compositesuk.co.uk/composite-

materials/applications/aerospace

Majumdar S, Rajani BN. Numerical computation of Turbulent flow
around Radome Structures. In: Engineering Turbulence Modelling
and Experiments 4. Elsevier; 1999. p. 309-18.

Roeseler WG, Sarh B, Kismarton MU. 6 TH INTERNATIONAL
CONFERENCE ON COMPOSITE MATERIALS COMPOSITE
STRUCTURES: THE FIRST 100 YEARS.

Rosato D, Rosato D. PRODUCT DESIGN. In: Plastics Engineered
Product Design. Elsevier; 2003. p. 198-343.

Marcello G, Faye S. Aerospace Composite Technology
Roadmapping. In: Composites Leadership Forum. Aerospace
Technology Institute; 2019.

Mentalitch.com. Mental ltch. 2020 [cited 2021 Jun 28]. Why Carbon
Fibre Composites are Widely Used in Plane Manufacturing. Available
from: https://mentalitch.com/why-carbon-fibre-composites-are-

widely-used-in-plane-manufacturing/.

Aerospace Technology Institute. Composite material applications in
aerospace. Insight [Internet]. 2018 Sep [cited 2020 Sep 9];1-12.
Available from:
https://compositesuk.co.uk/system/files/documents/INSIGHT - ATI

paper - composites in aerospace.pdf

241



57.

58.

59.

60.

61.

62.

63.

64.

65.

Siengchin S. A review on lightweight materials for defence
applications: Present and future developments. Defence
Technology. 2023 Jun;24:1-17.

AirBus. Composites: Airbus continues to shape the future [Internet].
2017 [cited 2024 Sep 2]. Available from:
https://www.airbus.com/en/newsroom/news/2017-08-composites-

airbus-continues-to-shape-the-future

Giurgiutiu V. Introduction. In: Stress, Vibration, and Wave Analysis in

Aerospace Composites. Elsevier; 2022. p. 1-27.

Mahmood A, Castanié B. Review of composite structures in
aeronautic applications part 3. [Toulouse]: University of Toulouse;
2023.

Li Y, Chen X, Zhou J, Liu X, Zhang D, Du F, et al. A review of high-
velocity impact on fiber-reinforced textile composites: Potential for
aero engine applications. International Journal of Mechanical System
Dynamics. 2022 Mar 2;2(1):50-64.

Claisse PA. Comparison of different materials. In: Civil Engineering
Materials. Elsevier; 2016. p. 443-50.

Bai J. Fiber-reinforced polymer types and properties. In: Advanced
Fiber-Reinforced Polymer(FRP) Composites for  Structural

Applications. Elsevier; 2023. p. 93-9.

Jenny MP, kabecha WW. Advantages and Challenges of
Implementing Lightweight Materials in Automobiles: A Review.
International Journal of Scientific and Research Publications. 2023
Sep 24;13(9):91-8.

Hagnell MK, Kumaraswamy S, Nyman T, Akermo M. From aviation
to automotive - a study on material selection and its implication on
cost and weight efficient structural composite and sandwich designs.
Heliyon. 2020 Mar;6(3):e03716.

242



66.

67.

68.

69.

70.

71.

72.

73.

Kaliyanda A, Singh B. Impact of Composite Materials on Weight
Reduction in HighPerformance Racing Vehicles: A Review. Journal

of Material Sciences & Manufacturing Research. 2023 Dec 31;1-5.

Fan Q, Duan H, Xing X. A review of composite materials for
enhancing support, flexibility and strength in exercise. Alexandria
Engineering Journal. 2024 May;94:90-103.

Hopewell J, Dvorak R, Kosior E. Plastics recycling: Challenges and
opportunities [Internet]. Vol. 364, Philosophical Transactions of the
Royal Society B: Biological Sciences. Royal Society; 2009 [cited
2020 Sep 10]. p. 2115-26. Available from:
/pmc/articles/PMC2873020/?report=abstract

Pora J. Composite Materials in the Airbus A380-From History to
Future. In: Proceedings of the 2001 International Conference on
Composite Materials. Beijing: ICCM13; 2001.

Froes FH (Sam), Packard M. Third International Conference On The
Engineering Of Sport Research, Development And Innovation.
Materials Technology. 2000 Jan 25;15(3):220-5.

Risicato JV, Kelly F, Soulat D, Legrand X, Triumper W, Cochrane C,
et al. A Complex Shaped Reinforced Thermoplastic Composite Part
Made of Commingled Yarns With Integrated Sensor. Applied
Composite Materials. 2015 Feb 27;22(1):81-98.

National Fire Protection Association. NFPA 285: Standard fire test
method for evaluation of fire propagation characteristics of exterior
non-load-bearing wall assemblies containing combustible

components. National Fire Protection Association. 2019;

Berardi U, Meacham BJ, Dembsey NA, You YG. Fire Performance
Assessment of a Fiber Reinforced Polymer Wall Panel Used in a
Single Family Dwelling. Fire Technol. 2014 Nov 17;50(6):1607-17.

243



74.

75.

76.

77.

78.

79.

80.

81.

82.

Malek E, Andrews B, CompPair Technologies Ltd. SHD Composites.
2024 [cited 2025 Apr 7]. CompPair and SHD form a partnership
reinforcing healable composite solutions on the market. Available
from: https://shdcomposites.com/news/2024/02/29/comppair-and-
shd-form-a-partnership-reinforcing-healable-composite-solutions-

on-the-market

Wang Y, Pham DT, Ji C. Self-healing composites: A review. Cogent
Eng. 2015 Dec 31;2(1):1075686.

Fan J, Njuguna J. An Introduction to Lightweight Composite Materials
and Their Use in Transport Structures. In: Lightweight Composite
Structures in Transport: Design, Manufacturing, Analysis and
Performance. Elsevier Inc.; 2016. p. 3-34.

Abramovich H. Introduction to composite materials. In: Stability and
Vibrations of Thin-Walled Composite Structures. Elsevier; 2017. p.
1-47.

Legrand V, TranVan L, Casari P, Jacquemin F. Structure-properties
relationships of moisturized sandwich composite materials under
extreme temperature conditions (fire resistance). Compos Struct.
2020 Mar 1;235:111774.

Banthia N, Gupta R. Hybrid fiber reinforced concrete (HyFRC): fiber
synergy in high strength matrices. Mater Struct. 2004
Dec;37(10):707-16.

Kim H, Nam I. Stab resisting behavior of polymeric resin reinforced
p-aramid fabrics. J Appl Polym Sci. 2012 Mar 5;123(5):2733-42.

Friedrich K, Almajid AA. Manufacturing aspects of advanced polymer
composites for automotive applications. Applied Composite
Materials. 2013 Apr;20(2):107-28.

Cheon J, Lee M, Kim M. Study on the stab resistance mechanism
and performance of the carbon, glass and aramid fiber reinforced

244



83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

polymer and hybrid composites. Compos Struct. 2020 Feb
15;234:111690.

Ogin SL, Brgndsted P, Zangenberg J. Composite materials:
Constituents, architecture, and generic damage [Internet]. Modeling
Damage, Fatigue and Failure of Composite Materials. Elsevier; 2016.
3-23 p. Available from: http://dx.doi.org/10.1016/B978-1-78242-286-
0.00001-7

Minus M, Kumar S. The Processing, Properties, and Structure of
Carbon Fibers: JOM. 2005;57(High-Performance Fibers):52-8.

Vengatesan MR, Varghese AM, Mittal V. Thermal properties of
thermoset polymers. In: Thermosets: Structure, Properties, and
Applications: Second Edition. Elsevier; 2018. p. 69-114.

Wong CP, Tummala R. POLYMERS FOR ELECTRONIC
PACKAGING IN THE 21st CENTURY. In: Applied Polymer Science:
21st Century. Elsevier; 2000. p. 659-76.

Liu S, Chevali VS, Xu Z, Hui D, Wang H. A review of extending
performance of epoxy resins using carbon nanomaterials. Compos B
Eng. 2018 Mar;136:197-214.

Greene JP. Thermoset Polymers. In: Automotive Plastics and
Composites. Elsevier; 2021. p. 175-90.

Tcharkhtchi A, Nony F, Khelladi S, Fitoussi J, Farzaneh S.
Epoxy/amine reactive systems for composites materials and their
thermomechanical properties. In: Advances in Composites

Manufacturing and Process Design. Elsevier; 2015. p. 269-96.
Park SJ, Seo MK. Element and Processing. In 2011. p. 431-99.
Mallick PK. Fiber-Reinforced Composites. CRC Press; 2007.

Chawla KK. Composite Materials. Vol. 3. New York, NY: Springer
New York; 2012. 137-307 p.

245



93.

94.

95.

96.

97.

98.

99.

100.

101.

May CA. Epoxy Resins. 2nd ed. May CA, editor. Routledge; 2018. 1—
8 p.

Hu Y, Lin Y, Yang L, Wu S, Tang DY, Yan C, et al. Additive
Manufacturing of Carbon Fiber-reinforced Composites: A Review.
Vol. 31, Applied Composite Materials. Springer Nature; 2024. p. 353—
98.

Rajak DK, Wagh PH, Linul E. Manufacturing technologies of
carbon/glass fiber-reinforced polymer composites and their
properties: A review. Vol. 13, Polymers. MDPI; 2021.

Sayam A, Rahman ANMM, Rahman MS, Smriti SA, Ahmed F, Rabbi
MF, et al. A review on carbon fiber-reinforced hierarchical
composites: mechanical performance, manufacturing process,
structural applications and allied challenges. Vol. 32, Carbon Letters.
Springer; 2022. p. 1173-205.

Pierson HA, Celik E, Abbott A, De Jarnette H, Sierra Gutierrez L,
Johnson K, et al. Mechanical Properties of Printed Epoxy-Carbon
Fiber Composites. Exp Mech. 2019 Jul 15;59(6):843-57.

He R, Chang Q, Huang X, Li J. Mechanical Reinforcement of Epoxy
Composites with Carbon Fibers and HDPE. Mechanics of Composite
Materials. 2018 Jan 1;53(6):753-8.

Annadorai ME, Ramakrishna M, Jyothi Y. Effect on mechanical
properties of CFRP composites in different fiber orientations.
Interactions [Internet]. 2024 Aug 6;245(1):198. Available from:
https://link.springer.com/10.1007/s10751-024-02035-4

Poor DI, Geier N, Pereszlai C, Xu J. A critical review of the drilling of
CFRP composites: Burr formation, characterisation and challenges.
Compos B Eng. 2021 Oct;223:109155.

Solahuddin BA, Yahaya FM. A narrative review on strengthening of

reinforced concrete beams using carbon fibre reinforced polymer

246



102.

103.

104.

105.

106.

107.

108.

109.

110.

composite material through experimental investigation and numerical
modelling. Structures. 2023 Jun;52:666—710.

Richards Thissell W, Zurek AK, Addessio F. Mechanical properties
and failure mechanisms of carbon fiber reinforced epoxy laminated

composites. In: AIP Conference Proceedings. AIP; 1996. p. 551—4.

Ravi Chandran KS. Review: Fatigue of Fiber-Reinforced
Composites, Damage and Failure. Vol. 102, Journal of the Indian
Institute of Science. Springer; 2022. p. 439-60.

Dunkerton S, Vlattas C. Joining of aerospace materials — an
overview. International Journal of Materials and Product Technology.
2014 Aug 4;13(1-2):105-21.

Majeed T, Mehta Y, Siddiquee AN. Challenges in joining of unequal
thickness materials for aerospace applications: A review.
Proceedings of the Institution of Mechanical Engineers, Part L:
Journal of Materials: Design and Applications. 2021 Apr
15;235(4):934-45.

Freeman R. New Welding Techniques for aerospace materials. In:
Chaturvedi M, editor. Welding and Joining of Aerospace Materials.
Second. Winnipeg: Woodhead Publishing; 2020. p. 1-18.

Cam G, Kocak M. Progress in joining of advanced materials.
International Materials Reviews. 1998 Jan 18;43(1):1-44.

Kinloch AJ. Adhesion and Adhesives. Dordrecht: Springer
Netherlands; 1987.

Werdung D. Airbus Press Release. 2019. Airbus inaugurates new
A320 structure assembly line in Hamburg.

Wired Transportation. It Takes 60,000 Rivets and Two Robots to
Build a Boeing 777 Fuselage. U.S.A: Wired; 2017.

247



111.

112.

113.

114.

115.

116.

117.

118.

1109.

Worrall C, Kellar E, Vacogne C. Joining of Fibre-Reinforced Polymer
Composites. A Good Practice Guide. 2020 Jan;1-77.

Singh KK, Ansari MdTA, Azam MdS. Fatigue life and damage
evolution in woven GFRP angle ply laminates. Int J Fatigue. 2021
Jan;142:105964.

Guerrero JM, Sasikumar A, Llobet J, Costa J. Experimental and
virtual testing of a composite-aluminium aircraft wingbox under
thermal loading. Aerosp Sci Technol. 2023 Jul;138:108329.

Matvienko O, Daneyko O, Kovalevskaya T, Khrustalyov A, Zhukov I,
Vorozhtsov A. Investigation of Stresses Induced Due to the Mismatch
of the Coefficients of Thermal Expansion of the Matrix and the
Strengthening Particle in Aluminum-Based Composites. Metals
(Basel). 2021 Feb 5;11(2):279.

Stavrov D, Bersee HEN. Resistance welding of thermoplastic
composites-an overview. Compos Part A Appl Sci Manuf. 2005
Jan;36(1):39-54.

Kweon JH, Jung JW, Kim TH, Choi JH, Kim DH. Failure of carbon
composite-to-aluminum joints with combined mechanical fastening
and adhesive bonding. Compos Struct. 2006 Sep;75(1-4):192-8.

Banea MD, da Silva LFM. Adhesively bonded joints in composite
materials: An overview. Proceedings of the Institution of Mechanical
Engineers, Part L: Journal of Materials: Design and Applications.
2009 Jan 1;223(1):1-18.

Kinloch AJ. Adhesion and Adhesives. Dordrecht: Springer
Netherlands; 1987.

Romero-Sanchez MD, Martin-Martinez JM. Surface modifications of
vulcanized SBR rubber by treatment with atmospheric pressure
plasma torch. Int J Adhes Adhes. 2006 Aug 1;26(5):345-54.

248



120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Wegman RF, Van Twisk J. Plastics. In: Surface Preparation
Techniques for Adhesive Bonding. Elsevier; 2013. p. 115-30.

William Andrew Inc. Adhesive Bonding. In: Handbook of Plastics
Joining. 2nd ed. Elsevier; 2009. p. 145-73.

Coleman EA. Plastics Additives. In: Applied Plastics Engineering
Handbook. Elsevier; 2011. p. 419-28.

Dighton C. Aspects of Bonded Composite Assemblies for Aerospace
Applications. 2020.

Griehl Wolfgang, Ruestem Djavid. Nylon-12-Preparation, Properties,
and Applications. Ind Eng Chem [Internet]. 1970 Mar;62(3):16—22.
Available from: https://pubs.acs.org/doi/abs/10.1021/ie50723a005

ISO. International Standard ISO 17212 Structural adhesives —
Guidelines for the surface preparation of metals and plastics prior to
adhesive bonding. 2nd ed. Geneva: ISO; 2012.

Ortega RA, Carter ES, Ortega AE. Nylon 6,6 Nonwoven Fabric
Separates Oil Contaminates from Oil-in-Water Emulsions. Zheng J,
editor. PLoS One [Internet]. 2016 Jul 13;11(7):e0158493. Available
from: https://dx.plos.org/10.1371/journal.pone.0158493

Andrady AL. Assessment of Environmental Biodegradation of
Synthetic Polymers. Journal of Macromolecular Science, Part C:
Polymer Reviews [Internet]. 1994 Feb;34(1):25-76. Available from:
http://www.tandfonline.com/doi/abs/10.1080/15321799408009632

Packham DE. Theories of Fundamental Adhesion. In: Handbook of
Adhesion Technology. Cham: Springer International Publishing;
2017. p. 1-31.

Lechantre A. Capture of viscous fluids in living organisms.

249



130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Yazdani Nezhad H, Stratakis D. PERFORMANCE OF AEROSPACE
COMPOSITES IN THE PRESENCE OF PROCESS-INDUCED
DEFECTS. 2017.

chemguide.co.uk. https://chemguide.co.uk/atoms/bonding/vdw.html.

2024. Intermolecular bonding - van der Waals forces.
Comyn J. Adhesion Science. The Royal Society of Chemistry; 2021.
Park SJ, Seo MK. Solid-Liquid Interface. In 2011. p. 147-252.

Marcus P, Protopopoff E, Maurice V. Surface Chemistry and
Passivation of Metals and Alloys. In: Mechanics - Microstructure -

Corrosion Coupling. Elsevier; 2019. p. 91-120.

Israelachvili JN. Van der Waals Forces between Particles and
Surfaces. In: Intermolecular and Surface Forces. Elsevier; 2011. p.
253-89.

Ohring M. Substrate Surfaces and Thin-Film Nucleation. In: Materials
Science of Thin Films. Elsevier; 2002. p. 357—-415.

Kang SJL. THERMODYNAMICS OF THE INTERFACE2. In:
Sintering. Elsevier; 2005. p. 9-18.

Young T. An essay on the cohesion of fluids. Philos Trans R Soc
Lond. 1805 Dec 31;95:65-87.

Gibbs J. A Method Of Geometrical Representation Of The
Thermodynamic Properties Of Substances By Means Of Surfaces.
Transactions of the Connecticut Academy of Arts and Sciences.
1873;2:382—-404.

Park SJ, Seo MK. Solid-Liquid Interface. In 2011. p. 147-252.

Omar HA, Yusoff NIMd, Mubaraki M, Ceylan H. Effects of moisture
damage on asphalt mixtures. Journal of Traffic and Transportation
Engineering (English Edition). 2020 Oct;7(5):600-28.

250



142.

143.

144.

145.

146.

147.

148.

149.

150.

Rapp BE. Surface Tension. In: Microfluidics: Modelling, Mechanics
and Mathematics. Elsevier; 2017. p. 421-44.

Zidan G, Ann Greene C, Seyfoddin A. Formulation design in drug
delivery. In: Engineering Drug Delivery Systems. Elsevier; 2020. p.
17-41.

Caenn R, Darleyt HCH, Grayt GR. The Surface Chemistry of Drilling
Fluids. In: Composition and Properties of Drilling and Completion
Fluids. Elsevier; 2017. p. 285-307.

Zhu Z, Lu GQ (Max), Finnerty J, Yang RT. Electronic structure
methods applied to gas—carbon reactions. Carbon N Y.
2003;41(4):635-58.

Omar HA, Yusoff NIMd, Mubaraki M, Ceylan H. Effects of moisture
damage on asphalt mixtures. Journal of Traffic and Transportation
Engineering (English Edition). 2020 Oct;7(5):600-28.

Dilingham RG, Oakley BR. Surface Energy and Adhesion in
Composite—Composite  Adhesive Bonds. J Adhes. 2006
May;82(4):407-26.

Kim JK, Mai YW, Mai YW. Chapter 3 - Measurements of
interface/interlaminar properties. In: Kim JK, Mai YW, Mai YW,
editors. Engineered Interfaces in Fiber Reinforced Composites
[Internet]. Oxford: Elsevier Science Ltd; 1998. p. 43-92. Available
from:

https://lwww.sciencedirect.com/science/article/pii/B97800804269525
0004X

Schuman T, Wolf RA. Effects of a DBD plasma discharge on bond
strength. Surfaces and Interfaces. 2020 Mar 1;18:100461.

Fowkes FM. Determination of Intermolecular Forces by Surface-

Chemical Techniques. In: Adhesion. ASTM Internationall00 Barr

251



151.

152.

158.

154.

155.

156.

157.

158.

159.

160.

Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959;
1964. p. 20-31.

Adamson Arthur, Gast Alice. Physical chemistry of surfaces. Wiley;
1997.

Nosonovsky M, Bhushan B. Multiscale dissipative mechanisms and
hierarchical  surfaces.  Friction,  superhydrophobicity, and

biomimetics. In 2008. p. 3-+.

Lee JY, Punkkinen MPJ, Schénecker S, Nabi Z, Kadas K, Zélyomi V,
et al. The surface energy and stress of metals. Surf Sci. 2018 Aug
1,674:51-68.

Saito M, Yabe A. Dispersion and Polar Force Components of Surface
Tension of Some Polymer Films. Textile Research Journal. 1983 Jan
2;53(1):54-9.

Moldoveanu SC, David V. Properties of Analytes and Matrices
Determining HPLC Selection. In: Selection of the HPLC Method in
Chemical Analysis. Elsevier; 2017. p. 189-230.

Smith R, Inomata H, Peters C. Equations of State and Formulations
for Mixtures. In 2013. p. 333—-480.

Van Oss CJ, Chaudhury MK, Good RJ. Interfacial Lifshitz-van der
Waals and polar interactions in macroscopic systems. Chem Rev.
1988 Sep 1;88(6):927-41.

Good RJ. Contact angle, wetting, and adhesion: a critical review. J
Adhes Sci Technol. 1992 Jan;6(12):1269-302.

Good RJ, van Oss CJ. The Modern Theory of Contact Angles and
the Hydrogen Bond Components of Surface Energies. In: Modern
Approaches to Wettability. Boston, MA: Springer US; 1992. p. 1-27.

Primc G, Mozeti¢ M. Surface Modification of Polymers by Plasma

Treatment for Appropriate Adhesion of Coatings. Materials [Internet].

252



161.

162.

163.

164.

165.

166.

167.

168.

2024 Mar 26;17(7):1494. Available from:
https://www.mdpi.com/1996-1944/17/7/1494

Wenzel RN. Resistance of Solid Surfaces to Wetting by Water. Ind
Eng Chem. 1936 Aug 1;28(8):988-94.

Good RJ. A Thermodynamic Derivation of Wenzel's Modification of
Young’s Equation for Contact Angles; Together with a Theory of
Hysteresis 1. J Am Chem Soc [Internet]. 1952 Oct;74(20):5041-2.
Available from: https://pubs.acs.org/doi/abs/10.1021/ja01140a014

Choi W, Tuteja A, Mabry JM, Cohen RE, McKinley GH. A modified
Cassie—Baxter relationship to explain contact angle hysteresis and
anisotropy on non-wetting textured surfaces. J Colloid Interface Sci.
2009 Nov;339(1):208-16.

Kim JK, Mai YW, Mai YW. Chapter 2 - Characterization of interfaces.
In: Kim JK, Mai YW, Mai YW, editors. Engineered Interfaces in Fiber
Reinforced Composites [Internet]. Oxford: Elsevier Science Ltd,;
1998. p. 5-41. Available from:
https://www.sciencedirect.com/science/article/pii/B97800804269525
00038

Critchlow GW, Brewis DM. Review of surface pretreatments for
aluminium alloys. Int J Adhes Adhes. 1996 Jan;16(4):255-75.

Soutis C. Fibre reinforced composites in aircraft construction.
Progress in Aerospace Sciences. 2005 Feb;41(2):143-51.

Wang A;, Poulis WA;, Teixeira De Freitas JA, Zarouchas S. Surface
pretreatments on CFRP and titanium for manufacturing adhesively

bonded bi-material joints. 2020.

Avci R, Cakici UG, Cetinkaya B, Oktem MF. Effect of atmospheric
plasma treatment and wet blast on adhesion characteristics of

carbon fiber reinforced LM-PAEK thermoplastic composites. Compos

253



169.

170.

171.

172.

173.

174.

175.

176.

B Eng [Internet]. 2024 Jun;278:111394. Available from:
https://linkinghub.elsevier.com/retrieve/pii/S1359836824002051

Kanerva M, Saarela O. The peel ply surface treatment for adhesive
bonding of composites: a review. Int J Adhes Adhes. 2013;43:60-9.

Pukanszky B, Fekete E. Adhesion and Surface Modification. In:
Mineral Fillers in Thermoplastics I. Berlin, Heidelberg: Springer Berlin
Heidelberg; p. 109-53.

Valadez-Gonzalez A, Cervantes-Uc JM, Olayo R, Herrera-Franco
PJ. Effect of fiber surface treatment on the fiber—matrix bond strength
of natural fiber reinforced composites. Compos B Eng. 1999
Apr;30(3):309-20.

Kinloch AJ, Tan KT, Watts JF, Kinloch AJ, Korenberg CF, Tan KT, et
al. THE DURABILITY OF STRUCTURAL ADHESIVE JOINTS
[Internet]. J. Kinloch on. 2017. Available from:

https://www.researchgate.net/publication/316166213

Baldan A. Adhesively-bonded joints in metallic alloys, polymers and
composite materials: Mechanical and environmental durability
performance. J Mater Sci. 2004 Aug;39(15):4729-97.

Frantziz P. Environmental Attack on Adhesive Joints. (Part | Test
Equipment). JSME International Journal Series A. 1998;41(2):231—
42.

Marchione F. Thermal Stresses in Adhesively Bonded Joints:
Numerical and Analytical Analysis. Engineering Science &
Technology. 2021 Jan 26;83-95.

Petrie EM. Handbook of Adhesives and Sealants. 2nd ed. McGraw-
Hill; 2007.

254



177.

178.

179.

180.

181.

182.

183.

184.

185.

Hasan Z. Chapter 3 - Tooling materials and processing. In: Tooling
for Composite Aerospace Structures. Colorado: Butterworth-
Heinemann; 2020. p. 49-73.

Ebnesajjad S, Morgan RA. Applications of Fluorinated Additives for
Lubricants. In: Fluoropolymer Additives. Elsevier; 2012. p. 69—-106.

Use in Industrial Products. In: Handbook of Antiblocking, Release,
and Slip Additives. Elsevier; 2014. p. 201-47.

Wypych G. PVC ADDITIVES. In: PVC Formulary. Elsevier; 2015. p.
45-88.

Daneshvar D, Behnood A, Robisson A. Interfacial bond in concrete-
to-concrete composites: A review. Constr Build Mater. 2022
Dec;359:129195.

Schweizer M, Meinhard D, Ruck S, Riegel H, Knoblauch V. Adhesive
bonding of CFRP: a comparison of different surface pre-treatment
strategies and their effect on the bonding shear strength. J Adhes Sci
Technol [Internet]. 2017;31(23):2581-91. Available from:
http://dx.doi.org/10.1080/01694243.2017.1310695

Yudhanto A, Alfano M, Lubineau G. Surface preparation strategies in
secondary bonded thermoset-based composite materials: A review.
Compos Part A Appl Sci Manuf. 2021 Aug;147:106443.

Holtmannspoétter J, Czarnecki J V., Wetzel M, Dolderer D,
Eisenschink C. The Use of Peel Ply as a Method to Create
Reproduceable But Contaminated Surfaces for Structural Adhesive
Bonding of Carbon Fiber Reinforced Plastics. J Adhes. 2013
Feb;89(2):96-110.

Kanerva M, Saarela O. The peel ply surface treatment for adhesive
bonding of composites: A review. Int J Adhes Adhes. 2013
Jun;43:60-9.

255



186.

187.

188.

189.

190.

191.

192.

193.

Gamstedt EK, Berglund LA. Fatigue of thermoplastic composites. In:

Fatigue in Composites. Elsevier; 2003. p. 314-38.

Davis M, Bond D. Principles and practices of adhesive bonded
structural joints and repairs. Int J Adhes Adhes. 1999 Apr;19(2—
3):91-105.

Hollaway LC. Applications of advanced fibre-reinforced polymer
(FRP) composites in bridge engineering: rehabilitation of metallic
bridge structures, all-FRP composite bridges, and bridges built with
hybrid systems. In: Advanced Fibre-Reinforced Polymer (FRP)
Composites for Structural Applications. Elsevier; 2013. p. 631-61.

Yang Y, Boom R, Irion B, van Heerden DJ, Kuiper P, de Wit H.
Recycling of composite materials. Chemical Engineering and

Processing: Process Intensification. 2012 Jan;51:53—-68.

Chatterjee PK, Malhi SDS, deWit M, Hosack H, Harward MG,
Moslehi MM, et al. Integrated Circuits. In: Reference Data for
Engineers. Elsevier; 2002. p. 20-1-20-113.

Phiri MM, Phiri MJ, Formela K, Hlangothi SP. Chemical surface
etching methods for ground tire rubber as sustainable approach for
environmentally-friendly composites development— a review.
Compos B Eng. 2021 Jan;204:108429.

De La Pierre S, Giglia V, Sangermano M, Cornillon L, Damiano O,
Ferraris M. Etching of Carbon Fiber-Reinforced Plastics to Increase
Their Joint Strength. J Mater Eng Perform. 2020 Jan 21;29(1):242—
50.

Rook HL, Schweikert EA, Wainerdi RE. Chemical etching procedure
used to remove surface oxygen contamination in charged-particle
activation analysis. Anal Chem. 1968 Jul 1;40(8):1194—-6.

256



194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

Steinert M, Acker J, Krause M, Oswald S, Wetzig K. Reactive
Species Generated during Wet Chemical Etching of Silicon in
HF/HNO 3 Mixtures. J Phys Chem B. 2006 Jun 1;110(23):11377-82.

Health and Safety Executive. MC1 Wet etch processing. HSE HSE
Books; 2002 p. 21.

Luttge R. Basic Technologies for Microsystems. In: Microfabrication

for Industrial Applications. Elsevier; 2011. p. 13-54.

Nguyen NT. Fabrication technologies. In: Micromixers. Elsevier;
2012. p. 113-61.

Chen F. Introduction to plasma physics and controlled fusion. Vol. 1.
Springer; 2015.

Chu P. Plasma-surface modification of biomaterials. Materials
Science and Engineering: R: Reports. 2002 Mar 29;36(5-6):143—
206.

Zhuang D, Edgar JH. Wet etching of GaN, AIN, and SiC: a review.
Materials Science and Engineering: R: Reports. 2005 Jan;48(1):1-
46.

Bhatt P, Kumar V, Subramaniyan V, Nagarajan K, Sekar M, Chinni S
V., et al. Plasma Modification Techniques for Natural Polymer-Based
Drug Delivery Systems. Pharmaceutics. 2023 Aug 1;15(8):2066.

Jacobs T, Morent R, De Geyter N, Dubruel P, Leys C. Plasma
Surface Modification of Biomedical Polymers: Influence on Cell-
Material Interaction. Plasma Chemistry and Plasma Processing.
2012 Oct 1;32(5):1039-73.

Zhianmanesh M, Gilmour A, Bilek MMM, Akhavan B. Plasma surface
functionalization: A comprehensive review of advances in the quest
for bioinstructive materials and interfaces. Appl Phys Rev. 2023 Jun
1;10(2).

257



204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

Wan G, Shan CLP, Feng S. Advances in bonding plastics. In:
Advances in Structural Adhesive Bonding. Elsevier; 2023. p. 327-58.

Mittal K. Polymer surface modification: relevance to adhesion. Vol. 4.
CRC Press; 2004.

Zille A. Plasma technology in fashion and textiles. In: Sustainable

Technologies for Fashion and Textiles. Elsevier; 2020. p. 117-42.

Kostov KG, Nishime TMC, Castro AHR, Toth A, Hein LRO. Surface
modification of polymeric materials by cold atmospheric plasma jet.
Appl Surf Sci. 2014 Sep;314:367-75.

Puliyalil H, Filipi€¢ G, Cvelbar U. Selective Plasma Etching of
Polymers and Polymer Matrix Composites. In: Non-Thermal Plasma
Technology for Polymeric Materials. Elsevier; 2019. p. 241-59.

Oehr C. Plasma surface modification of polymers for biomedical use.
Nucl Instrum Methods Phys Res B. 2003 Aug;208:40-7.

Siow KS, Britcher L, Kumar S, Griesser HJ. Plasma Methods for the
Generation of Chemically Reactive Surfaces for Biomolecule
Immobilization and Cell Colonization - A Review. Plasma Processes
and Polymers. 2006 Aug 15;3(6—7):392-418.

Biederman H, Slavinsk&d D. Plasma polymer films and their future
prospects. Surf Coat Technol. 2000 Mar;125(1-3):371-6.

Yoshida S, Hagiwara K, Hasebe T, Hotta A. Surface modification of
polymers by plasma treatments for the enhancement of
biocompatibility and controlled drug release. Surf Coat Technol. 2013
Oct;233:99-107.

Molnar K, Jozsa B, Barczikai D, Krisch E, Puskas JE, Jedlovszky-
Hajdu A. Plasma treatment as an effective tool for crosslinking of
electrospun fibers. J Mol Lig. 2020 Apr;303:112628.

258



214,

215.

216.

217.

218.

219.

220.

221.

222.

Nageswaran G, Jothi L, Jagannathan S. Plasma Assisted Polymer
Modifications. In: Non-Thermal Plasma Technology for Polymeric
Materials. Elsevier; 2019. p. 95-127.

Bardos L, Barankova H. Cold atmospheric plasma: Sources,
processes, and applications. Thin Solid Films. 2010
Sep;518(23):6705-13.

Tendero C, Tixier C, Tristant P, Desmaison J, Leprince P.
Atmospheric pressure plasmas: A review. Spectrochim Acta Part B
At Spectrosc. 2006 Jan;61(1):2—30.

Kogelschatz U. Dielectric-Barrier Discharges: Their History,
Discharge Physics, and Industrial Applications. Plasma Chemistry
and Plasma Processing. 2003;23(1):1-46.

Fridman AA. Plasma chemistry. Cambridge University Press; 2008.
978 p.

Gibalov VI, Pietsch GJ. The development of dielectric barrier
discharges in gas gaps and on surfaces. J Phys D Appl Phys. 2000
Oct 21;33(20):2618-36.

Massines F, Gherardi N, Naudé N, Ségur P. Recent advances in the
understanding of homogeneous dielectric barrier discharges. The
European Physical Journal Applied Physics. 2009 Aug
28;47(2):22805.

Hetemi D, Pinson J. Surface functionalisation of polymers. Chem Soc
Rev. 2017;46(19):5701-13.

St&panova V, Sramkova P, Sihelnik S, Stupavska M, Jurmanova J,
Kovacik D. The effect of ambient air plasma generated by coplanar
and volume dielectric barrier discharge on the surface characteristics
of polyamide foils. Vacuum. 2021 Jan;183:109887.

259



223.

224.

225.

226.

227.

228.

229.

230.

231.

Laroussi M, Leipold F. Evaluation of the roles of reactive species,
heat, and UV radiation in the inactivation of bacterial cells by air
plasmas at atmospheric pressure. Int J Mass Spectrom. 2004
Apr;233(1-3):81-6.

Dufour T. From Basics to Frontiers: A Comprehensive Review of
Plasma-Modified and Plasma-Synthesized Polymer Films. Polymers
(Basel). 2023 Aug 30;15(17):3607.

Huang Y, Hu Z, Chen Y, Li X, Wang H. Effect of Ketone and
Hydrazine Self-Crosslinking Reaction on Polyurethane Emulsion. In
2017. p. 917-24.

Ohring M. Mechanical Properties of Thin Films. In: Materials Science
of Thin Films. Elsevier; 2002. p. 711-81.

Arnold CL, Eyckens DJ, Servinis L, Nave MD, Yin H, Marceau RKW,
et al. Simultaneously increasing the hydrophobicity and interfacial
adhesion of carbon fibres: a simple pathway to install passive
functionality into composites. J Mater Chem A Mater.
2019;7(22):13483-94.

Ren Y, Jiang L, Tian T, Liu X, Han Z. Durable flame retardant
polyacrylonitrile fabric via UV-induced grafting polymerization and
surface chemical modification. RSC Adv. 2018;8(72):41389-96.

Moisan M, Pelletier J. Microwave Excited Plasmas, Plasma
Technology, 4, Elsevier Science Plubishers B. V. Amsterdam-
London-New York-Tokyo 1992. Contributions to Plasma Physics.
1994 Jan 15;34(1):98-98.

Lieberman MA, Lichtenberg AJ. Principles of Plasma Discharges and

Materials Processing. Wiley; 2005.

Abbasi MM, Asadi S. Theoretical and experimental investigations of

surface-waves plasma column and microwave plasma source for

260



232.

233.

234.

235.

236.

237.

238.

239.

applications in reconfigurable plasma antenna. Microw Opt Technol
Lett. 2017 Apr;59(4):806-11.

Rassou S, Piquemal A, Merbahi N, Marchal F, Yousfi M.
Experimental characterization of argon/air mixture microwave
plasmas using optical emission spectroscopy. J Mol Spectrosc. 2020
Apr;370:111278.

Peng B, Jiang N, Shang K, Lu N, Li J, Wu Y. Streamer dynamics and
charge self-erasing of two counter-propagating plasmas in
repetitively pulsed surface dielectric barrier discharge. High Voltage.
2022 Aug 31;7(4):730-43.

Kaymaz SV, Nobar HM, Sarigul H, Soylukan C, Akyuz L, Yuce M.
Nanomaterial surface modification toolkit: Principles, components,
recipes, and applications. Adv Colloid Interface Sci. 2023
Dec;322:103035.

Emily. VacTechniche Ltd. 2024 [cited 2024 Jun 25]. What is RF
plasma? Available from: https://vactechniche.com/rf-plasma-
generator/#:~:text=RF%20plasma%?20is%20generated%20by,the%
20gas%20and%20forming%20plasma.

Makabe T, Petrovic ZLj. Plasma Electronics. CRC Press; 2006.

Schlosser EG. Plasma Polymerization. Von H. Yasuda. Academic
Press, New York 1985. X, 432 S., geb. $62.00. — ISBN 0-12-768760-
2. Angewandte Chemie. 1987 Mar;99(3):284—-284.

Donnelly VM, Kornblit A. Plasma etching: Yesterday, today, and
tomorrow. Journal of Vacuum Science & Technology A: Vacuum,
Surfaces, and Films. 2013 Sep 1;31(5).

Bunshah RF. Bunshah, R. F. (1994). Handbook of deposition
technologies for films and coatings: science, technology and

applications. Elsevier. . 1994.

261



240.

241.

242.

243.

244,

245.

246.

247.

248.

Chemlease Chemical Information and previous XPS studies.

Anderson GL, Stanley SD, Young GL, Brown RA, Evans KB, Wurth
LA. The Effects of Silicone Contamination on Bond Performance of

Various Bond Systems.

Petrie EM, Omnexus |. Addressing Silicone Contamination Issues.
2013.

Akinoglu EM, Morfa AJ, Giersig M. Understanding Anisotropic
Plasma Etching of Two-Dimensional Polystyrene Opals for
Advanced Materials  Fabrication. Langmuir. 2014  Oct
21;30(41):12354-61.

Vogel N, Goerres S, Landfester K, Weiss CK. A Convenient Method
to Produce Close- and Non-close-Packed Monolayers using Direct
Assembly at the Air—-Water Interface and Subsequent Plasma-
Induced Size Reduction. Macromol Chem Phys. 2011 Aug
16;212(16):1719-34.

Vogel N. Surface Patterning with Colloidal Monolayers. Berlin,
Heidelberg: Springer Berlin Heidelberg; 2012.

Scott PM, Babu SV, Partch RE, Matienzo LJ. Kinetic aspects of
plasma etching of polyimide in discharges. Polym Degrad Stab. 1990
Jan;27(2):169-81.

Arora P, Nguyen T, Chawla A, Nam SK, Donnelly VM. Role of sulfur
in catalyzing fluorine atom fast etching of silicon with smooth surface
morphology. Journal of Vacuum Science & Technology A: Vacuum,
Surfaces, and Films. 2019 Nov 1;37(6).

Man X, Bao N, Hao Y, Feng Y, Ma X. Study of SiO Etching
Processing with CH /SF6 Plasmas. physica status solidi (a). 2020
Aug 27;217(15).

262



249.

250.

251.

252.

253.

254.

255.

256.

257.

Flamm DL. Mechanisms of silicon etching in fluorine- and chlorine-
containing plasmas. Pure and Applied Chemistry. 1990 Jan
1;62(9):1709-20.

Oehrlein G, Standaert T, Matsuo P. Pattern transfer into low dielectric
constant materials by high-density plasma etching. 2000 May
1:43:125-6, 128, 130, 132, 134.

Morent R, De Geyter N, Desmet T, Dubruel P, Leys C. Plasma
Surface Modification of Biodegradable Polymers: A Review. Plasma
Processes and Polymers. 2011 Mar 22;8(3):171-90.

Inagaki N, Tasaka S, Horiuchi T, Suyama R. Surface modification of
poly(aryl ether ether ketone) film by remote oxygen plasma. J Appl
Polym Sci. 1998 Apr 11;68(2):271-9.

Wen L, Xu X, Qin L. Effect of Low-Temperature Plasma Surface
Treatment on Bonding Properties of Single-Lap Joint of

Thermosetting Composites. Polymers (Basel). 2023 Apr 1;15(7).

Dighton C, Rezai A, Ogin SL, Watts JF. Atmospheric plasma
treatment of CFRP composites to enhance structural bonding
investigated using surface analytical techniques. Int J Adhes Adhes
[Internet]. 2019;91(March):142-9. Available from:
https://doi.org/10.1016/j.ijjadhadh.2019.03.010

Worrall C, Kellar E, Vacogne C. JOINING OF FIBRE-REINFORCED
POLYMER COMPOSITES A Good Practice Guide. 2020;

Vidya, Mandal L, Verma B, Patel PK. Review on polymer
nanocomposite for ballistic & aerospace applications. Mater Today
Proc. 2020 Mar 18;

Yadav R, Tirumali M, Wang X, Naebe M, Kandasubramanian B.
Polymer composite for antistatic application in aerospace. Defence
Technology [Internet]. 2019;(xxxXx). Available from:
https://doi.org/10.1016/j.dt.2019.04.008

263



258.

259.

260.

261.

262.

263.

264.

Zhang H, Li H, Fang M, Wang Z, Sang L, Yang L, et al. Roll-to-roll
DBD plasma pretreated polyethylene web for enhancement of Al
coating adhesion and barrier property. Appl Surf Sci [Internet].
2016;388:539-45. Available from:
http://dx.doi.org/10.1016/j.apsusc.2015.10.146

Zhao Y, Tang S, Myung SW, Lu N, Choi HS. Effect of washing on
surface free energy of polystyrene plate treated by RF atmospheric
pressure plasma. Polym Test [Internet]. 2006 May;25(3):327-32.
Available from:
https://linkinghub.elsevier.com/retrieve/pii/S0142941806000092

Lee JH, Kwon JS, Kim YH, Choi EH, Kim KM, Kim KN. The effects
of enhancing the surface energy of a polystyrene plate by air
atmospheric pressure plasma jet on early attachment of fibroblast
under moving incubation. In: Thin Solid Films. Elsevier; 2013. p. 99—
105.

Abenojar J, Torregrosa-Coque R, Martinez MA, Martin-Martinez JM.
Surface modifications of polycarbonate (PC) and acrylonitrile
butadiene styrene (ABS) copolymer by treatment with atmospheric
plasma. Surf Coat Technol. 2009 May 30;203(16):2173-80.

Zhu L, Wang C, Qiu Y. Influence of the amount of absorbed moisture
in nylon fibers on atmospheric pressure plasma processing. Surf
Coat Technol. 2007 May 21;201(16-17):7453-61.

Cui NY, Upadhyay DJ, Anderson CA, Brown NMD. Study of the
surface modification of a Nylon-6,6 film processed in an atmospheric
pressure air dielectric barrier discharge. Surf Coat Technol. 2005 Mar
1;192(1):94-100.

Cheng C, Liye Z, Zhan RJ. Surface modification of polymer fibre by
the new atmospheric pressure cold plasma jet. Surf Coat Technol.
2006 Aug 1;200(24):6659-65.

264



265.

266.

267.

268.

269.

270.

271.

272.

273.

Stépek J, Daoust H. Lubricants and Mold-Release Agents. In:
Additives for Plastics [Internet]. New York, NY: Springer New York;
1983. p. 34-49. Available from: http://link.springer.com/10.1007/978-
1-4419-8481-4_3

Pritchard G. Release agents. In 1998. p. 559-60.

Tian S, Wang Y, Cai T, Kong D, Wang D, Ren H, et al. Polyaniline-
derived carbon nanotubes as anode materials for potassium-ion
batteries: Insight into the effect of N-doping. Appl Surf Sci. 2020
Dec;534:147635.

Tezani LL, Pessoa RS, Moraes RS, Medeiros HS, Martins CA, Maciel
HS, et al. Automation of a Mass Flow Controller for Application in
Time-Multiplex SF ¢ +CH 4 Plasma Etching of Silicon. Contributions
to Plasma Physics. 2012 Oct 10;52(9):735-43.

KnizikeviCius R. Simulations of Si and SiO2 etching in SF6+02
plasma. Vacuum. 2009 Feb;83(6):953-7.

Liptak RW, Devetter B, Thomas Ill JH, Kortshagen U, Campbell SA.
SF 6 plasma etching of silicon nanocrystals. Nanotechnology. 2009
Jan 21;20(3):035603.

Bates RL, Stephan Thamban PL, Goeckner MJ, Overzet Lawrencel.
Silicon etch using SF6/C4F8/Ar gas mixtures. Journal of Vacuum
Science & Technology A: Vacuum, Surfaces, and Films. 2014 Jul
1;32(4).

Wu X, Wyman |, Zhang G, Lin J, Liu Z, Wang Y, et al. Preparation of
superamphiphobic polymer-based coatings via spray- and dip-
coating strategies. Prog Org Coat. 2016 Jan;90:463-71.

Jaworek A. Micro- and nanoparticle production by electrospraying.
Powder Technol. 2007 Jul;176(1):18-35.

265



274.

275.

276.

277.

278.

279.

280.

281.

282.

Tosi D, Sypabekova M, Bekmurzayeva A, Molardi C, Dukenbayev K.
Fiber surface modifications for biosensing. Optical Fiber Biosensors.
2022 Jan 1;253-82.

Devasia R, Painuly A, Devapal D, Sreejith KJ. Continuous fiber
reinforced ceramic matrix composites. Fiber Reinforced Composites:
Constituents, Compatibility, Perspectives and Applications. 2021 Jan
1;,669-751.

Yin Y. Advances and perspectives of spin coating techniques.
Applied and Computational Engineering. 2023 Jul 21;7(1):291-301.

Nguyen NT. Fabrication technologies. In: Micromixers. Elsevier;
2012. p. 113-61.

Orava J, Kohoutek T, Wagner T. Deposition techniques for
chalcogenide thin films. In: Chalcogenide Glasses. Elsevier; 2014. p.
265-309.

Yilbas BS, Al-Sharafi A, Ali H. Surfaces for Self-Cleaning. In: Self-
Cleaning of Surfaces and Water Droplet Mobility. Elsevier; 2019. p.
45-98.

Rased NH, Vengadaesvaran B, Raihan SRS, Rahim NA. Introduction
to solar energy and its conversion into electrical energy by using dye-
sensitized solar cells. In: Energy Materials. Elsevier; 2021. p. 139—
78.

Benko A, Duch J, Gajewska M, Marzec M, Bernasik A, Nocuh M, et
al. Covalently bonded surface functional groups on carbon
nanotubes: From molecular modeling to practical applications.
Nanoscale. 2021 Jun 14;13(22):10152—-66.

Castelli M, Jourdain R, Morantz P, Shore P. Fast Figuring of Large
Optics by Reactive Atom Plasma [Internet]. Available from:

www.cranfield.ac.uk.

266



283.

284.

285.

286.

287.

288.

289.

290.

291.

O’Brien WJ. Characterisation and Material Removal Properties of the
RAP Process. [Cranfield]: Cranfield University; 2011.

Frumosu L. In process temperature monitoring of energy beam

processing. [Cranfield]: Cranfield University; 2019.

Gayler ML V. Melting Point of High-Purity Silicon. Nature. 1938 Sep
1;142(3593):478-478.

Neiman MB, Kovarskaya BM, Golubenkova LI, Strizhkova AS,
Levantovskaya II, Akutin MS. The thermal degradation of some
epoxy resins. Journal of Polymer Science. 1962 Feb
10;56(164):383-9.

Feih S, Boiocchi E, Kandare E, Mathys Z, Gibson AG, Mouritz AP.
Strength Degradation of Glass And Carbon Fibres at High

Temperature. In.

Robinson KJ, Thissen H. Selecting the best surface analysis method
for your materials/samples. Journal of Vacuum Science &
Technology A. 2024 Jul 1;42(4).

TOFWERK. An Introduction to FIB-SIMS Using the fibTOF [Internet].
[cited 2024 Jul 27]. Available from:
https://www.tofwerk.com/introduction-fib-sims-using-
fibtof/#:~:text=FIB%2DSIMS%20can%20be%20used,such%20as%
20fluorine%20and%?20chlorine.

Stevie F. Focused lon Beam Secondary lon Mass Spectrometry. In:
Giannuzzi L, Stevie F, editors. Introduction to Focused lon Beams:
Instrumentation, Theory, Techniques and Practice. U.S.A: Springer;
2005.

Pillatsch L, Ostlund F, Michler J. FIBSIMS: A review of secondary ion
mass spectrometry for analytical dual beam focussed ion beam
instruments. Progress in Crystal Growth and Characterization of
Materials. 2019 Feb;65(1):1-19.

267



292.

293.

294,

295.

296.

297.

298.

299.

Whitby JA, Ostlund F, Horvath P, Gabureac M, Riesterer JL, Utke |,
et al. High Spatial Resolution Time-of-Flight Secondary lon Mass
Spectrometry for the Masses: A Novel Orthogonal ToF FIB-SIMS
Instrument with In Situ AFM. Advances in Materials Science and
Engineering. 2012;2012:1-13.

Hartwich P, Naidu S, Raghu V, Mogwitz B, Onyenso G, Rohnke M,
et al. FIB'’n’SIMS-Advanced Depth Analysis on Hybrid Organic-
Inorganic Nanomaterials. Available from:
https://doi.org/10.26434/chemrxiv-2024-1lkpl

ThermoFisher. Home>Materials Science>’X-Ray Photoelectron
Spectroscopy>XPS Multi-Technique Workflow. [cited 2024 Sep 1].
Surface Analysis Techniques. Available from:
https://www.thermofisher.com/uk/en/home/materials-science/xps-

technology/multi-technique-workflow.html

Teeter G. The National Renewable Energy Laboratory, national
laboratory of the U.S. Department of Energy, Office of Energy
Efficiency and Renewable Energy, operated by the Alliance for
Sustainable Energy LLC. [cited 2024 Sep 2]. Dynamic Secondary lon
Mass Spectrometry. Available from: https://www.nrel.gov/materials-

science/dynamic-secondary-ion.html

EAG Laboratories. eurofins. [cited 2024 Sep 1]. Time-of-Flight
Secondary lon Mass Spectrometry (TOF-SIMS). Available from:

https://lwww.eag.com/techniques/mass-spec/tof-sims/

Bersani M, Giubertoni D, Barozzi M, Eiacob E, Vanzetti L, Anderle
M, et al. D-SIMS and ToF-SIMS quantitative depth pro®les

comparison on ultra thin oxynitrides.
eurofins EAG Laboratories. M-006916-Bubble-Chart-1.

Pillatsch L, Ostlund F, Michler J. FIBSIMS: A review of secondary ion

mass spectrometry for analytical dual beam focussed ion beam

268



300.

301.

302.

303.

304.

305.

306.

307.

308.

instruments. Progress in Crystal Growth and Characterization of
Materials. 2019 Feb;65(1):1-19.

Kozbial A, Li Z, Conaway C, McGinley R, Dhingra S, Vahdat V, et al.
Study on the surface energy of graphene by contact angle
measurements. Langmuir. 2014;30(28):8598-606.

Owens DK, Wendt RC. Estimation of the surface free energy of
polymers. J Appl Polym Sci [Internet]. 1969 Aug;13(8):1741-7.
Available from: http://doi.wiley.com/10.1002/app.1969.070130815

Kaelble DH. Dispersion-Polar Surface Tension Properties of Organic
Solids. J Adhes [Internet]. 1970 Apr 4;2(2):66—81. Available from:
http://www.tandfonline.com/doi/full/10.1080/0021846708544582

Rabel W. Einige Aspekte der Benetzungstheorie und ihre
Anwendung auf die Untersuchung und Verédnderung der
Oberflacheneigenschaften von Polymeren. In: Farbe und Lack.
1971;77(10):997-1005.

Fowkes FM. ATTRACTIVE FORCES AT INTERFACES. Ind Eng
Chem. 1964 Dec 1;56(12):40-52.

International Standard Organization. 1SO 4587:2003(E) Adhesives
— Determination of tensile lap-shear strength of rigid-to-rigid bonded
assemblies. Iso. 2004;2004.

Bethe H. Zur Theorie des Durchgangs schneller Korpuskularstrahlen
durch Materie. Ann Phys. 1930 Jan 15;397(3):325—-400.

Miller E, Hugenschmidt M, Gerthsen D. Electron-beam broadening
in electron microscopy by solving the electron transport equation.
Phys Rev Res. 2020 Dec 4;2(4):043313.

Joy DC, Luo S, Gauvin R, Evans N, Hovington P. Experimental
Measurements of Electron Stopping Power at Low Energies

[Internet]. Vol. 10, Scanning Microscopy. 1996. Available from:

269



3009.

310.

311.

312.

313.

314.

315.

316.

https://digitalcommons.usu.edu/microscopyAvailableat:https://digital

commons.usu.edu/microscopy/vol10/iss3/4

K Kanaya, S Okayama. Penetration and energy-loss theory of
electrons in solid targets. J Phys D Appl Phys. 1972 Jan 1;5(1):43—
58.

Keller BA, Consumi M, Leone G, Magnani A. 4 Investigation of
polymer surfaces by time-of-flight secondary ion mass spectrometry.
In: Polymer Surface Characterization. De Gruyter; 2022. p. 125-72.

Kern S, Kern C, Rohnke M. Mass spectra database of polymers for
bismuth-cluster ToF-SIMS. Surface Science Spectra [Internet]. 2019
Dec 9 |[cited 2022 Sep 15];26(2):025003. Available from:
https://avs.scitation.org/doi/abs/10.1116/1.5096485

Sanito RC, You SJ, Chang GM, Wang YF. Effect of shell powder on
removal of metals and volatile organic compounds (VOCs) from resin
in an atmospheric-pressure microwave plasma reactor. J Hazard
Mater. 2020 Jul;394:122558.

Sanito RC, You SJ, Wang YF. Degradation of contaminants in
plasma technology: An overview. J Hazard Mater. 2022
Feb;424:127390.

Broughton W. Assessing the moisture resistance of adhesives for
marine environments. In: Adhesives in Marine Engineering. Elsevier;
2012. p. 155-86.

Clark WM, Shevlin RC, Soffen TS. heat transfer in glass, aluminum,

and plastic Beverage Bottles. Vol. 44. 2010.

Thull D, Zimmer F, Hofmann T, Holtmannspoetter J, Koerwien T,
Hoffmann M. Investigation of fluorine-based release agents for
structural adhesive bonding of carbon fibre reinforced plastics.
Applied Adhesion Science. 2019 Dec 28;7(1):2.

270



317.

318.

319.

320.

321.

322.

323.

324.

325.

Xie K, Lu S, Shao C, Xie J, Xie Z, Zhang Y, et al. Study on the Effect
of Release Agent on the Surface Flashover of Plasma Modified
Epoxy Resin. In 2023. p. 30-43.

Hasik M, Bernasik A, Drelinkiewicz A, Kowalski K, Wenda E, Camra
J. XPS studies of nitrogen-containing conjugated polymers-
palladium systems [Internet]. 2002. Available  from:

www.elsevier.com/locate/susc

Sharifahmadian O, Zhai C, Hung J, Shineh G, Stewart CAC, Fadzil
AA, et al. Mechanically robust nitrogen-rich plasma polymers:
Biofunctional interfaces for surface engineering of biomedical
implants. Mater Today Adv. 2021 Dec 1;12.

Oh DX, Shin S, Lim C, Hwang DS. Dopamine-mediated sclerotization
of regenerated chitin in ionic liquid. Materials. 2013;6(9):3826—-39.

Beamson G, Briggs D. High Resolution XPS of Organic Polymers:
The Scienta ESCA300 Database. Wiley; 1992.

Vu PT, Conroy JP, Yousefi AM. The Effect of Argon Plasma Surface
Treatment  on Poly(lactic-co-glycolic  acid)/Collagen-Based
Biomaterials for Bone Tissue Engineering. Biomimetics. 2022 Nov
29;7(4):218.

Ayaz A, Ozdemir GD, Ercan UK, Sever K. Influence of air DBD
plasma treatment on the shear and flexural strength of adhesively
bonded glass fiber reinforced epoxy composite joints. J Radiat Res
Appl Sci. 2024 Jun;17(2):100929.

Lim N, Efremov A, Kwon KH. A Comparison of CF4, CHF3 and C4F8
+ Ar/O2 Inductively Coupled Plasmas for Dry Etching Applications.
Plasma Chemistry and Plasma Processing. 2021 Nov 1;41(6):1671—
89.

Huang S, Huard C, Shim S, Nam SK, Song IC, Lu S, et al. Plasma
etching of high aspect ratio features in SiO2 using Ar/C4F8/02

271



326.

327.

328.

329.

330.

331.

332.

333.

mixtures: A computational investigation. Journal of Vacuum Science
& Technology A: Vacuum, Surfaces, and Films. 2019 May 1;37(3).

Ohtake H, Ishihara H, Fuse T, Koshiishi A, Samukawa S. Highly
selective and high rate SiO2 etching using argon-added C2F4/CF3l
plasma. Journal of Vacuum Science & Technology B:
Microelectronics and  Nanometer  Structures  Processing,
Measurement, and Phenomena. 2003 Sep 1;21(5):2142-6.

Chen L, Luciani V, Miao H. Effect of Alternating Arand SF6/C 4 F 8

Gas Flow in Si Nano-Structure Plasma Etching.

Lee Y, You Y, Cho C, Kim S, Lee J, Kim M, et al. Comprehensive
Assessments in Bonding Energy of Plasma Assisted Si-SiO2 Direct
Wafer Bonding after Low Temperature Rapid Thermal Annealing.
Micromachines (Basel). 2022 Nov 1;13(11).

Morita M, Ohmi T, Hasegawa E, Kawakami M, Ohwada M. Growth
of native oxide on a silicon surface. J Appl Phys. 1990 Aug
1;68(3):1272-81.

Li X, Ling L, Hua X, Fukasawa M, Oehrlein GS, Barela M, et al.
Effects of Ar and O2 additives on SiO2 etching in C4F8-based
plasmas. Journal of Vacuum Science & Technology A: Vacuum,
Surfaces, and Films. 2003 Jan 1;21(1):284-93.

Efremov AM, Bobylev A V., Kwon KH. Concentration of Fluorine
Atoms and Kinetics of Reactive-lon Etching of Silicon in CF4 + O2,
CHF3 + 02, and C4F8 + O2 Mixtures. Russian Microelectronics.
2023 Aug 1;52(4):267-75.

Donnelly VM. Review Atrticle: Reactions of fluorine atoms with silicon,
revisited, again. Journal of Vacuum Science & Technology A:
Vacuum, Surfaces, and Films. 2017 Sep 1;35(5).

Metzler D, Li C, Engelmann S, Bruce RL, Joseph EA, Oehrlein GS.
Characterizing fluorocarbon assisted atomic layer etching of Si using

272



cyclic Ar/C4F8 and Ar/CHF3 plasma. Journal of Chemical Physics.
2017 Feb 7;146(5).

273






APPENDICES

Appendix A Initial Chemlease Coating Studies

An optical microscope, followed by SEM was used to determine optimal
parameters to produce an even coating of contaminant.

A.l1 Glass Slide Studies

A clean glass slide was imaged initially to show the clean surface.

200 pm
R

1:1 IPA: Chemlease was spun coat at 200 RPM and 250RPM onto glass slides.
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Coated Uncoated

Figure 6-1 200RPM
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Appendix B Uniformity of Surface Energy Analysis

B.1 Adapted Spray Wetting Test

The change in surface energy across a sample was initially measured using an
adapted version of the spray wetting test. This test was initially trailed on mylar
samples using microwave plasma and measurement via optical microscopes. A
single pass of plasma was processed across a sample, and water was sprayed
onto the sample to visualise where the water could gather in high surface energy
zones. Although this was not a precise measurement, it gave an approximation
for where effective wetting could take place across the sample, as shown in

Figure 6-2. However, as CFRP samples were darker in colour, this method was

too difficult to utilise in composite studies.

Figure 6-2 The results of an adapted spray wetting test on mylar samples
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B.2 Using water contact angle to measure uniformity

In order to better understand uniformity, water contact angles were measured
across a sample where a plasma pass had occurred in a configuration
demonstrated in Figure 6-3. The results of this were visualised in a graph as

shown in Figure 6-4

Figure 6-3 The location of water contact angle measurements across a sample
(yellow) where a plasma pass had occurred (orange arrow)
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Figure 6-4 Displaying the average water contact angle change across a sample
where a single plasma processing pass had accounted.
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B.3 Further studies on Water Contact Angles on the surfaces
MTM44-1 samples treated with MIP argon plasma.

This appendices displays further results studied in assessing idea plasma pass

parameters.

B.3.1 Treatment speeds of Im/min

This includes looking at pass dynamics of passes 14, 14.5, 15, 15.5 and 16mm
apart.

Table 6-1 displaying maps of WCA across MTM44-1 samples with varying

distances in between plasma passes in mm
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Appendix C Pie Charts of Deconvoluted Peaks of
Contaminated Samples

In order to better visualise potential surface changes from section 4.5.1.2, a

series of pie charts were created as shown in _ for the Carbon C1s peak, _ for
the Silcon Si2p peak and _ for the Ols peak. This was particularly beneficial in

understanding the overall change in the O1s region as described in 4.5.1.2.1.

Table 6-2 Carbon Cls bonding environment percentages. Plasma treatment

decrease % of C-C/C-Si bonds and creates Carbon-Oxygen bonds

Bonding Enviroment
mmm C-C/C-H/C-Si
= C-O/C-N
=C=0

No treatment (2) Argon treatment (PT1) | Fluorinated treatment
(PT2).
g3 24

mm O=C-0 / O=C-R

Table 6-3 Silicon Si2p bonding environment percentages. Plasma treatment

causes Si-O to be converted to Si-O2

No treatment (2)

Argon treatment (PT1)

Fluorinated treatment
(PT2).

100

— Si-0 (Si2p 3/2
— Si-0 (Si2p1/2)
Si-02 (Si2p 3/2)
= $i-02 (Si2p 1/2)
--- Envelope
Background
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Table 6-4 Oxygen O1ls bonding environment percentages. The first row shows just

the data from the deconvoluted peaks, where the second region displays the

oxygen binding region, with information from the C1s and Si2p regions combined.

O1ls region shows a conversion of Si-O to Si-O2, which is supported when looking

at the Si2p & Cls region

No treatment (Z)

Argon treatment (PT1)

Fluorinated
(PT2).

treatment

— Si-02

— Si-0/C=0
H-O-H

--- Envelope
Background

Si-0

46 1.5

67.4

mS5i-02 mC=0 mC-0

H-0-H

57.4
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