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Synopsis

Owing to their excellent properties, such as outstanding mechanical properties, high strength
to weight ratio, high thermal stability and corrosion resistance, carbon fibres (CFs) have
become materials of choice for the reinforcements of high-performance composites. However,
their chemical inertness and low surface free energy, which is attributed to their high density
of graphitic planes on the surface, limit the interfacial adhesion of CFs to the matrix. This poses
a critical challenge in further improving the properties of CFs reinforced composites to meet

the requirement arising from demanding applications.

To this end, numerous surface modification methods have been developed to improve
interfacial adhesion of CFs to the matrix in composites, such as chemical treatment,
electrochemical treatment, plasma treatment and polymer/nano particles coating. However,
most of these treatments either lead to environmental concerns due to the use of toxic chemicals

or reduce more or less the mechanical properties of CFs due to surface damage.

Plasma treatment is highlighted as an environmentally-friendly, economic and adaptable
process for surface treatment of CFs with less impact on the fibre strength as compared with
other methods. However, conventional direct plasma still damages the fibre surface due to ions
bombardment. Therefore, a more advanced plasma technology, active screen plasma (ASP),
has been developed to avoid the undesirable effects associated with conventional direct plasma

treatment such as arcing, edge effect and hollow-cathode induced damage.

In this project, advanced active screen plasma technology has been developed to modify PAN-
derived CF surfaces. The ASP modified CF surfaces were fully characterised by scanning
electron microscopy (SEM), atomic force microscopy (AFM), X-ray diffraction (XRD),

Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) and dynamic vapour sorption



(DVS) to understand the response of CF surface to the active screen plasma. Single fibre tensile
tests were carried out to directly study the effect of ASP treatment on single fibre tensile
strength. Nano-indentation enabled single fibre push-out testing method, which was further
improved by purposely designing the sample holder and using a conical indenter, was adopted
to evaluate the interfacial adhesion between the ASP modified CF and the epoxy resin.
Interlaminar shear strength, flexural strength and fracture toughness of ASP modified

CF/epoxy composites were also evaluated.

The results have demonstrated that the advanced ASP technology is capable of modifying the
CF surface without causing any surface damage or tensile strength degradation. Unlike
conventional plasma treatments, the ASP treatments can reduce the structural disorder of the
CF surfaces and increase the surface crystallite size. Moreover, the ASP treatments can lead to
an increased single fibre tensile strength. This is mainly because the post-plasma nature of the
ASP technology can effectively eliminate ion bombardment induced degradation while
providing radicals necessary for surface modification. Changes have also been found in the
chemical composition and wettability of the ASP modified fibre surfaces. Furthermore, a more
than 30% improvement was found in the interfacial shear strength (IFSS) between the modified
CFs and the epoxy substrate as disclosed by push-out tests. The mechanical properties (shear
strength, flexural strength and fracture toughness) of the composites reinforced with ASP

modified CFs have been improved as well.

Based on the experimental results, the potential mechanisms involved in the interaction
between the CF surface and the active screen plasma, significantly increased single fibre tensile
strength, effectively improved interfacial shear strength and enhanced mechanical properties

of CF-reinforced composites have been discussed.
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CHAPTER 1 INTRODUCTION

Carbon fibres (CFs) acquire the pioneering position in structural application due to their
outstanding mechanical properties, high strength to weight ratio and high thermal stability.
Considering their high specific strength, CF reinforced polymer composites are gradually
replacing other conventional materials in automotive, civil construction, rail, aerospace,
aviation and off-shore applications [1, 2]. It is well-known that CFs are used as
reinforcements in composites provided the stress applied to the substrate can fully transfer
to the CFs. However, because of the chemical inertness and low free energy of CF surfaces
with high density graphitic basal planes, the CF/matrix interfacial bonding is not strong
enough to fully transfer the stress from the matrix to the CFs [3]. Therefore, further increase
in the performance of CF-reinforced composites is mainly restricted by the low CF/matrix

interfacial shear strength.

Extensive researches have been conducted into the physic-chemical interaction between
carbon fibre and the matrix and a range of surface engineering methods were studied aiming
to enhance CF/substrate interfacial strength, such as chemical/electrochemical
oxidation [3, 4], plasma treatment [5, 6], polymer grafting [7], sizing and nanoparticle
coating [8-10]. All these techniques aimed to modify the surface morphology of the carbon
fibres, to introduce new chemical groups to the carbon fibre surface and to change the surface
free energy and hence to improve the CF/matrix interfacial bonding. For instance, chemical
oxidation generally etched the fibre surface and grafted carbonyl and hydroxyl groups on the
fibre surface, resulting in an improved CF/matrix bonding. However, it has been widely

recognised that although chemical and electrochemical oxidation treatments can increase the



fibre/matrix interfacial strength, the strength of the treated single fibre significantly was

reduced mainly due to fibre surface damage.

Plasma treatment is attractive, owing to its less-destructive, economic advantages and
environmental benefits [11-13]. However, conventional plasma treatments can be harmful
to the fibre strength mainly due to the direct plasma damage [14]. Recently, an advanced
plasma technology, active screen plasma (ASP) technology has been developed, based on
the principles of glow discharge plasma and post plasma, to avoid the undesirable effects
associated with conventional direct plasma treatment such as arcing, edge effect and hollow-
cathode induced damage [15]. In such a novel process, the entire workload is surrounded by
a metal screen, on which a high voltage cathodic potential is applied. Thus, the plasma is
generated on the metal screen rather than on the samples to be treated as in the conventional
plasmas treatments and the samples to be treated are at a floating potential. This setting
allows more control over the physical and chemical interactions between the plasma and

sample surfaces [16].

Therefore, this PhD project was directed at exploring the potential of active screen plasma
technology for the surface modification of carbon fibres to improve their adhesion to epoxy
matrix and the mechanical property of resulting CF-reinforced composites. The specific

objectives of this research were:

e To identify optimal active plasma treatment conditions for carbon fibre surface
modification.

e To fully characterise the morphology, structure, chemical composition, wettability
and tensile property of active screen plasma modified CFs.

e To develop advanced testing methods for measuring the interfacial shear strength



between carbon fibre and the epoxy matrix.
To evaluate the mechanical performance of the composites reinforced with active

screen plasma modified CFs.

For a quick overview, the purposes of the chapters of the thesis are outlined below:

Chapter 2 gives a survey of the literature starting from the discovery, manufacturing,
structure and property of CFs, to the introduction of the CF-reinforced composites
and the interface between the CF and the matrix, followed by a review of the state-
of-the-art surface modifications for CFs.

Chapter 3 describes the materials, treatments and all the characterisation and testing
methods.

Chapter 4 presents all the results and their interpretation, covering the general
characterisation and the promising property of CFs, interface evaluation and
mechanical properties of CF-reinforced composites.

Chapter 5 discusses four topics, covering 1) the mechanisms involved in ASP
surface modification of CF and the effects of ASP modification on 2) the tensile
property of CFs, 3) the CF/resin interface and 4) the CF-reinforced epoxy composites.
Chapter 6 concludes the key findings and implications of this research.

Chapter 7 provides suggestions for future scientific work.



CHAPTER 2 LITERATURE REVIEW

2.1 History and development of carbon fibre

Carbon fibre (CF) is a kind of material with a fibrous shape containing at least 92 wt. % of
carbon in composition [17]. It has been heralded as the new wonder material, especially as
an extremely useful reinforcement material. CFs were first recorded by Thomas Alva Edison
in 1877. He converted cotton threads and bamboo strips into CFs and patented their use as
filament materials for the electric lamp [18]. After that in 1889, Hughes and Chambers [19]
patented a process to produce carbon filaments. Hair-like carbon filaments were obtained
but the process was uneconomic. In 1909, Whitney [20] heated a product, which comprised
of an impure carbon at the core and a pyrolytic carbon in the outer layer, to over 2300 °C.
The outer layer of pyrolytic carbon was converted to a more graphitic form and the final
product obtained enhanced electrical properties. However, all of the carbon filaments

produced by the early inventors were very weak or brittle.

Since the early work of Edison, many studies for producing CFs have taken place in the
following decades. Graphite whiskers with 20 GPa tensile strength and 700 GPa modulus
were reported by Bacon in 1958 [21, 22]. Synthetic rayon was carbonised to form carbon-
like fibres at nearly the same time. But highly scalable commercial use of CF only began
after the introduction of polyacrylonitrile (PAN) as the precursor of CFs by Akio Shindo in
Japan in the 1960s [23]. This approach turned out to be economically more favourable due
to its combination of physical and chemical properties, as well as the fibre yield.
Shindo’s [24] patent was industrialised in 1970 by Toray and continuous PAN-based
Torayca T300 and M40 CFs were manufactured just a year later. The tensile strength of the

T300 CFs was further increased by Toray, from 2.45 GPa to 3.30 - 3.43 GPa, in 1985. High-



performance PAN-derived CFs were developed by Toray simultaneously, such as T1000
with a tensile strength of 7.06 GPa and a tensile modulus of 295 GPa [24]. At nearly the
same time, Hexcel Corp. Inc developed the IM6, IM7 and IM8 intermediated modulus CFs
with the Exlan PAN precursor [25]. Parallel studies were conducted to produce CFs from
pitches obtained from petroleum, coal tar, asphalt, etc. Otani in Japan produced the first
pitch-derived CF using polyvinyl chloride pitch as the raw materials in 1965 [26] and
developed the mesophase pitch-derived CF in 1971 [27]. Since then, many attempts were
made to produce CFs from mesophase pitch, with commercialisation being finally achieved
in the 1980s. Pitch-derived CFs demonstrate much higher modulus (up to 900 GPa) and
better electrical and thermal properties than PAN-derived CFs [28]. However, the production
process of pitch-derived CFs has been shown to be more expensive when compared to that
for PAN-derived CFs. Increasing number of manufacturers entered the CF production
industry in the late 1980s and early 1990s [25], resulting in various types of CFs with

different mechanical properties.

Currently, the annual worldwide production of CFs has increased from 20 million kg in 2002
to 90 million kg in 2018, with about 90% of the CFs being derived from PAN precursor [29].
The annual production is projected to be doubled to 180 million kg by 2025, with the
growing demands from the wind energy, transportation and aerospace markets. Although it
has significantly reduced since the 1980s, the production costs of CFs are still one of the
major barriers to its further growth and uptake. Currently, the price of CFs is in the range of
$66 /kg to $176 /kg for the acrospace industry, and in the range of $22 /kg to $44 /kg for
other applications, such as the automotive industry, sporting goods and wind energy [30].
Therefore, it is expected that the low-cost-high-performance CF technologies should be

developed to further expand the production and usage of CFs.



2.2 Carbon fibre manufacturing, structure and property

2.2.1 PAN-derived CF manufacturing

Polyacrylonitrile (PAN), which contains 68 wt. % carbon, is currently the predominant
precursor for CF manufacture [31]. Typically, the production of PAN-derived CFs involves
the polymerisation of acrylonitrile and its comonomers, spinning to obtain the precursor
fibres, stabilisation by oxidation in air at moderate temperatures, and subsequent

carbonisation or graphitisation in an inert environment at high temperature (Figure 2.1).
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Figure 2.1 PAN-derived CF production process.

2.2.1.1 Polymerisation

Solution polymerisation and suspension polymerisation are the most typical commercial
methods for producing PAN precursors. The solution polymerisation is usually conducted
in a PAN solvent, so that after removing the unreacted monomers in the solution, the
produced PAN solution can be directly used as the fibre spinning dope for the next CF
manufacturing step. The PAN drying and re-dissolving processes can be avoided [32].
However, the molecular weight of the PAN/PAN copolymer produced with the solution
polymerisation process is usually low. In comparison with solution polymerisation, the

suspension polymerisation process produces linear PAN polymers with higher molecular



weights. However, post-processing steps involving washing, drying, milling and dissolution
of the polymer powder into a suitable solvent are required in the suspension polymerisation
process [33]. This arises due to the strong intermolecular interactions that exist in the
molecules of the linear PAN polymer. Therefore, nearly all industrial PAN precursors are
made from copolymer containing 2 - 15% comonomers, such as acrylic acid, methacrylic
acid, itaconic acid, methacrylate, acrylamide, vinyl acetate, vinyl bromide and/or quaternary
ammonium [34]. The use of these comonomers contributes to disrupt the intermolecular
interactions and hence improve the dissolution process and the processability of PAN
precursor fibres [35]. Meanwhile, the incorporation of comonomers produces CFs with

improved performance due to the increased molecular alignment in precursor fibres [35, 36].

2.2.1.2 Fibre spinning

Traditional spinning techniques for PAN fibres include wet spinning, dry spinning, dry-jet
wet spinning, gel spinning and melt spinning [28]. Amongst them, wet spinning is the most
widely used technique, within which the polymer solution is directly extruded into the
coagulation bath with a submerged spinneret and the fibres are subsequently drawn at
~ 100 °C [37]. Wet-spun PAN fibres typically have a core-shell structure because of the
counter diffusion of bath solvent, leading to polymer precipitation at the surface of PAN
fibres. As a result of this, a thin, dense and homogenous skin with a thickness of 200-300 nm
is formed, which in turn hinders the counter diffusion process to form a loose and disordered
core. Such core-shell structure of the PAN fibres is believed to affect the structure and

mechanical properties of resulting CFs [37, 38].

The melt spinning process has been utilised to reduce the processing cost as no solvents are

required. However, diluent or suitable copolymers are indispensable for reducing the nitrile-



nitrile interactions between PAN molecules. Subsequently, relatively low mechanical
properties of the final PAN fibres are inevitable due to the surface defects and internal voids
formed by this method [39]. The final mechanical properties of PAN fibres produced from
the gel spinning technique outperform those produced using the other fibre spinning

techniques mentioned above [36, 40].

2.2.1.3 Stabilisation and carbonisation

Conversion of the PAN fibres into CFs involves two heat treatments, namely stabilisation
and carbonisation. The PAN fibres are stabilised under stress at temperatures ranging from
200 °C to 300 °C in an oxidative environment for about 2 hours. The stabilisation process
contributes to preventing the PAN fibres from melting or fusing when the temperature is
further raised. Then the stabilised fibres are carbonised under tension in an inert environment
(N2) at high temperatures in the range of 1000 - 1700 °C [41, 42]. The key parameter during
the carbonisation process is the gradient of the temperature, which is required to be kept low
at the beginning to avoid destruction of the high degree of molecular order in the fibres [42].
The non-carbon elements, such as hydrogen, oxygen and nitrogen, are removed during these
heat treatments and thus the carbon content of the carbonised fibres increases to over
90% [43]. Compared with the precursor PAN fibres, the tensile strength of the fibres
increases and the fibre diameter decreases from approximately 15 pum to about 7 pm.
Carbonised fibres can be further heated at very high temperatures of up to 3000 °C in an
inert environment for graphitisation to further increase the carbon content and improve the

fibre texture, and this consequently raises Young’s modulus in the fibre direction [41, 44].

The structure development during the stabilisation and carbonisation processes of the PAN

fibres is shown schematically in Figure 2.2 [45]. The linear PAN molecules are firstly



converted to a rigid, thermally stable ladder structure by cyclisation during the stabilisation
step. Then, the hydrogen atoms are expelled from the carbon atoms to form aromatic
pyridine groups when the temperature is elevated at the early stage of the carbonisation
process. The stabilised ladder structures start to link up in the lateral direction to form ribbon-
like structures by expelling more hydrogen atoms. When the temperature is increased to 600-
1300 °C, the adjacent ribbon-like chains fuse together to form a planar structure by further

expelling nitrogen atoms. These basal planes are oriented parallel to the fibre axis to form

CF [46].
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Figure 2.2 Chemical reactions during the stabilisation and carbonisation of PAN-derived
CFs [45].
2.2.1.4 Sizing
The sizing process is conducted immediately after cooling from carbonisation, aiming to
protect fibres from fluffiness and damage during manufacturing and usage and to provide a
surface that is compatible with the matrix used in resulting composites [47]. Normally, the

CFs are sized (generally, 0.5 - 1.5% by weight) by contacting an applicator roll carrying a



layer of an aqueous mixture of coupling agents, lubricants, emulsified polymers, etc. [48].
The sizing material forms a protective film after drying on the surface of filaments and thus
protects the filaments from damage. Commonly used sizing materials include polyvinyl
acetates, polyurethanes, polyolefins, polyesters, epoxies and modified epoxies [49].
However, the actual composition of sizing formulation is usually complex, multicomponent

and confidential.

Furthermore, sizing for CFs can promote the fibre impregnation and bonding with the matrix,
which will improve the mechanical properties of the end products, such as compressive

strength and interlaminar shear strength [50].

2.2.2 Pitch-derived CF manufacturing

Pitch-derived CFs can be fabricated by both isotropic and mesophase pitches, which are
produced by destructive distillation of petroleum or coal tar which is composed of the fused
aromatic ring [51]. Normally, general-purpose grade pitch-derived CFs are obtained from
petroleum and coal tar due to their isotropic structure in nature [51]. Mesophase pitch is
converted from an isotropic pitch by pyrolysis at the temperature between 300 °C and 500 °C,
resulting in an anisotropic phase of pitch consists of disc-like aromatic molecules [52]. This
conversion makes the mesophase pitch capable of producing high mechanical performance

pitch-derived CFs.

Similar to the manufacturing process of PAN-derived CFs, the production of pitch-derived
CFs involves melt spinning of pitch precursor fibres, stabilisation, carbonisation
graphitisation and sizing [53]. After purification, both isotropic pitch and mesophase pitch
can be melt spun into continuous fibres. The spinning temperature is vital to the

microstructure of the pitch fibres because of the temperature-dependence of the pitch
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viscosity [52]. It was reported that the transverse microstructure for mesophase pitch fibres
transitioned from a cracked radial texture to a concentric onion skin texture when the
spinning temperature increased [54]. The microstructure of mesophase fibres has also been
shown to be affected by the spinneret hole, which also controls the shape of the fibres [55].
Mesophase pitch fibres are stabilised in air at temperatures between 250 °C and 350 °C, and
then immediately carbonised in an inert atmosphere at temperatures between 800 °C and
1200 °C. Increasing the temperature of carbonisation results in pitch-derived CFs with
increased tensile strength and tensile modulus. The carbon yield for pitch-derived fibres is

the highest of all the precursors [54].

2.2.3 Structure, morphology and properties of CF

2.2.3.1 Microstructure and morphology

Carbon fibres are fibres having a diameter in the range of 5 - 10 um and containing at least
92% carbon in composition. The microstructure of CFs consists of hexagonal graphene
layers, in which some of them are distorted irregularly due to the weak interaction between
the graphene layers, resulting in the formation of a turbostratic structure, as shown in
Figure 2.3 (a) [56, 57]. This turbostratic structure is considered to be the basic structural unit
of CFs, which can join, fold, twist and split with each other to form various types of micro-
region within the CFs (Figure 2.3 (c)) [58]. Therefore, the distance between the turbostratic
planes of the CFs increases by 2.6% to 3.44 A, compared to the distance between perfect
graphite planes of 3.35 A [57]. In addition, PAN-CFs exhibit a skin-core structure which has
been confirmed by scanning electron microscopy [59]. The outer skin shows a highly
orientated turbostratic structure and tends to be circumferential while the core shows much

less organised structures (Figure 2.4 (a)). This structural heterogeneity is associated with the
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coagulation condition during the PAN precursor fibres spinning process [60]. On the other
hand, pitch-derived CFs usually display a typical radial wedge structure, in which the

graphene planes fan out from the centre of the fibre (Figure 2.4 (b)) [54, 61].
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Figure 2.3 (a) Unit cell of the turbostratic structure (b) Structural unit of the crystallites in
CFs (A-A’ is the fibre axis direction) and (c) Schematic diagram of the microstructure of

PAN-derived CF.
Qin et al. [62] investigated the evolution of the microstructure during high-temperature heat
treatments of both kinds of CFs with TEM. Their results illustrated that a turbostratic
structure was formed by wrinkled and entangled crystallites at 1300 °C graphitisation for
PAN-derived CFs. When increasing the temperature, larger unwrinkled -crystallites

gradually appeared, and a locally ordered but overall disordered structure was formed. On
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the other hand, the ordered graphitic planes in pitch-derived CFs were still parallel to each

other and ran in the radial direction without mutual entanglements.

Figure 2.4 SEM micrographs of the cross-section of (a) PAN-derived CF and (b) pitch-
derived CF.

TEM micrographs also reveal the presence of various defects in between the crystallites of
both kinds of CFs [62], such as micro-pores, dislocations, and vacancies, which are formed
by the enclosing of the distorted crystallites. When the CFs are subjected to higher-
temperature graphitisation, the micro-porosity tends to decrease while the size of the
micropores increases. Qin ef al. [62, 63] reported a similar evolution of the micro-porosity
for pitch-derived CFs. However, they observed that the micro-porosity for PAN-derived CFs
firstly increased before the temperatures were elevated to 2000 °C and then decreased. They
attributed the differences to the various structure evolutions based on the original structure.
Another type of defect is surface flaws which are normally introduced during the spinning
process of the PAN fibres (for example, adjacent fibres sticking together) and retained after

carbonisation, resulting in misaligned graphite basal planes at the fibre surfaces.

The crystalline size and orientation in the structure of CFs can be detected by wide-angle X-

ray diffraction [64]. As shown in Figure 2.3 (b), the geometry of the crystallite is defined
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with the average layer plane length, La, and the average thickness of the parallel layers, Lc.
The values of La and Lc can be calculated by a method proposed by Biscoe and Warren [65],
in which the value of La is derived from the (100) and (110) XRD planes’ reflections and
the value of Lc is determined from the (002) and (004) XRD planes. The orientation of the
(002) basal plane can be determined from the azimuthal scan of the (002) plane. Generally,
high-modulus pitch-derived CFs possess larger crystalline sizes and higher orientation than
PAN-derived CFs. Additionally, the crystallite size, as well as the orientation of the
crystallites, is expected to increase with increasing graphitisation temperature. A more
ordered structure is presented in CFs after higher temperature graphitisation, in which more

crystallite growth is observed for pitch-derived CFs.

2.2.3.2 Properties of carbon fibre

2.2.3.2.1 Tensile properties

The tensile properties of CFs are related to their microstructure and morphology, which vary
with the processing conditions. The high tensile modulus of CFs comes from the high degree
of crystallinity and the good alignment of the crystallites in the fibre direction. Meanwhile,
the tensile strength of the CFs is primarily affected by the presence of structural defects,
either on the fibre surface or within the fibre internal structure [63]. Therefore, pitch-derived
CFs usually show higher tensile modulus than PAN-derived CFs due to their larger
crystallite size and the higher crystalline orientation. However, larger crystallites also lead
to higher stress concentrations at the edge of the pseudo-crystallites, and the extended
graphitic structure makes the pitch-derived CFs more sensitive to defects. Moreover, the
entanglements of the carbon ribbons in the turbostratic structure of the PAN-derived CFs

contribute to developing a large shear modulus between layer-planes. Hence, PAN-derived
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CFs generally offer a higher tensile strength than pitch-derived CFs. Both tensile modulus
and tensile strength of PAN-derived CFs and pitch-derived CFs increase with increasing the
graphitisation temperature. The increased tensile modulus is attributed to the increased
crystalline size and the better orientation of the crystallites. The improved tensile strength

directly correlates with decreased micro-porosity density [66].
2.2.3.2.2 Compressive property

Owing to the weak Van der Waals forces between the graphene layers, CFs usually exhibit
low axial compressive strength, which decreases with increasing modulus [67]. Thus, PAN-
derived CFs offer a higher axial compressive strength than pitch-derived CFs [67, 68]. The
compressive failure mode of CFs has been investigated using a single-fibre-recoil test by
Dobb et al [69]. They observed that PAN-derived CFs buckled on compression and formed
kink bands at the innermost compression side. A tensile crack was initiated on the tension
side when increasing the compressive force, and then propagated inwards. The fibres finally
failed when the tensile crack propagated transversely across the fibre, and the kink bands
propagated inwards along the opposite direction across the fibre, simultaneously. While high
modulus pitch-derived CFs failed by a shear mechanism, where kink bands were formed at

45 ° angle to the fibre axis because of the high orientation of the graphene layers.
2.2.3.2.3 Thermal conductivity and electrical conductivity

CFs display good thermal and electrical conductivities in the fibre direction as a result of the
high density of electrons and phonon, as well as the parallel arrangement of graphene layers
along the fibre axis. The thermal and electrical conductivity of commercially available PAN-
derived CFs at room temperature are in the range of 5 - 156 W/m.K and 10* - 10° S/m

respectively, while that of the pitch-derived CFs is in the range of 200 - 1000 W/m.K and

15



10° - 10° S/m [70]. The concentration of the point defects, including vacancies, interstitial
atoms, and impurities, as well as the crystalline perfection and orientation affect the
longitudinal thermal and electrical conductivity. Increasing the carbonisation temperature
reduces the concentration of point defects and increase crystalline perfection, resulting in
improved thermal conductivity [63, 71]. The improved crystalline orientation allows greater
electron movements along the fibre direction, leading to an increased electrical conductivity
as well. However, the presence of defects increases the local electrical resistivity, thereby
lowering the electrical conductivity. It should be noted that the CFs possess a small but
negative coefficient of linear thermal expansion in the fibre axial direction due to the high
crystalline alignment in the structure, which can cause residual stresses at the interface of
the resulting composite when temperature changes [72]. Furthermore, by increasing the
carbonisation temperature it is possible to further improve the electrical and thermal

conductivities [66].
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2.3 Carbon fibre-reinforced composites (CFRCs)

Composites are fabricated to take advantages of each component and achieve desirable
properties through the combination of the different components. Currently, composites are
gradually becoming a valuable alternative to conventional materials in various fields, mainly
due to their high mechanical properties, strength to weight ratio and damage tolerance.
Composites can be designed by dispersing high-performance fibres or partials into a matrix
(polymer, metal, ceramic or carbon), which acts as a binder and transfer forces to the fibres
across the interface, to yield properties unobtainable by either the reinforcing material or the
matrix exhibits. Therefore, composites show potential for fulfilling the requirements of
advancing technologies that require a combination of properties. Typically, the strength and
stiffness of composites mainly rely on the reinforcing material, but the ability to conduct
heat and current is heavily influenced by the conductivity of the matrix. CFs, glass fibres,
ceramic fibres and aramid fibres are commercially available reinforcing materials for
different structural applications. Among these fibres, CFs are competitive as a reinforcing
material due to the superior properties they possess, as discussed in Section 2.2.3.2,
especially in regards to their compressive strength, which is the most important parameter
for structural applications [73]. Additionally, CFs exhibit the lowest coefficient of thermal
expansion, therefore giving them improved dimensional stability and extended applications
in comparison to the other reinforcement materials [74]. The commercially available CFs
used for composite fabrication are mainly short and continuous CFs. Composites reinforced
by continuous CFs have higher mechanical properties than by short CFs, whereas short CFs-
reinforced composites are superior for making components for low-cost commercial
structural applications. The most common type of matrix materials used for composite

fabrication is polymer-based, and this arises due to their light weight and low processing
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temperature [75]. Thermoset polymeric matrices (mainly epoxy) have been extensively used
for commercial applications due to their ease of handling, low-cost and adaptable properties
(ability to balance mechanical, chemical and electrical properties). All of these confer the

composites with high performance, long durability, and low cost on maintenance.

2.3.1 Fabrication process for composites

There are several methods for fabricating fibre-reinforced composites. The selection of the
method depends on the selection of the constituents, the part design and the end-use

application.

2.3.1.1 Hand lay-up

Continuous CF composites are commonly prepared by hand lay-up technique, in which
either the unidirectional fibre tapes or woven fabrics are impregnated with a resin and then
placed into a mould. High pressure or vacuum is employed to force the individual piles
together and reduce voids during the curing process. This technique is used commercially to

fabricate the skin of aircraft components [76].

2.3.1.2 Resin transfer moulding (RTM)

Resin transfer moulding can be used to produce continuous fibre composites of intricate
shapes, and it is one of the suitable techniques that can fulfil the current market requirements.
The flow diagram of the RTM process is shown in Figure 2.5, the first step of the process is
to place the required shape into the cavity of the preform tool. After closing the mould, the
resin is then injected under pressure into the mould cavity, where the braided fibre has

already been placed. Finally, the material is cured, cooled, and taken out [77]. This method
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has a short production cycle, a large production rate, and can produce intricate parts for

applications in the aerospace, civil and automobile industries.
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Figure 2.5 Sequence of main steps of RTM process [77].

2.3.1.3 Pultrusion

The pultrusion technique is used for making unidirectional fibre-reinforced composites, in
which the fibres are pulled from a creel, dipped through an impregnation bath and then
clamped together according to their particular shape before entering into a heated die as
shown in Figure 2.6. The die regulates the resin content and cures the combined material
into its final shape [78]. This technique is a relatively simple, low-cost and continuous

process, which is capable of producing composites with a constant cross-section.

2.3.1.4 Filament winding

The filament winding method is suitable for making hollow, circular or oval sectioned
components. Firstly, fibres are gathered into a band by passing them through separator
combs. After passing a resin bath, the impregnated fibres are wrapped onto a rotating

mandrel through a wiping device that removes the surplus resin from the fibres and controls
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the resin coating thickness. The filament wound mandrel is subjected to the curing process

and then eject the product. During the curing process, the mandrel needs to be rotated

constantly to maintain the uniformity of the resin content. Three typical types of filament

winding are hoop, helical and multi-directional winding [79]. The filament winding process

is rapid and highly automated, therefore produces a product with a great strength-to-weight

ratio, which is important for pressure vessels, aecrospace components and military armaments.

The schematic of the filament winding process is shown in Figure 2.7.
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Figure 2.6 Schematic of the pultrusion process for composite fabrication [78].
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Figure 2.7 Schematic of filament winding process [80].
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2.3.2 Properties of CF-reinforced composites

The performance of CFRCs is affected by many factors, including the moduli and strengths
of the fibre and the matrix, the aspect ratios, the length distribution, the volume fraction, the
uniformity and orientation of the fibres, the integrity of the fibre/matrix interface, and the

manufacturing process. Generally, CFRCs possess the following properties [81]:

e light weight and low density,

e high strength and stiffness,

e good creep resistance,

e long fatigue life,

¢ high abrasion resistance and low coefficient of friction,
e outstanding chemical resistance,

e excellent corrosion resistance,

e great dimensional flexibility and diversity,

e high thermal conductivity,

e low electrical resistivity.

2.3.3 Applications

In the 1960s when CFs were first commercialised, CFRCs were fabricated only for defence
aircraft because of their high strength to weight ratio and high manufacturing cost. More
recently, they have been used in many structural applications, ranging from parts for aircraft,
satellites, components of launch vehicles, fuel tanks, and missiles in the aerospace industry,
as well as other areas including automobile, sports, marine, biomedical, construction and

other industries [45].
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2.3.3.1 Aerospace industry

The aerospace industry remains the dominant market for CF-based composites, where the
high strength to weight ratio, thermal stability, high stiffness and good fatigue resistance
have always been the key performance criteria for materials within these applications.
CFRC:s are used extensively in aircraft wings, fuselage sections (such as the undercarriage
and rear end of the fuselage), tail surfaces and doors. For example, CFRCs make up nearly
50% of materials, by weight, found in a Boeing 787 (on fuselage, wings, tail, doors and
interior) [82]. This has offered a weight reduction of 20% over its alternative of aluminium
alloys. The high stiffness and excellent thermal stability over a wide temperature range also
make CFRCs ideal for space applications. Examples of their use include fairings,
manipulator arms, antennae reflectors, solar array panels, and optical platforms and benches.

They have also recently been used for the primary structure of spacecraft [83].

2.3.3.2 Automotive industry

In the automotive industry, CFRCs are mainly used for making structural and lightweight
components, such as wheels, body panels, engine components, structural members and leaf
springs [84]. The main advantages CFRCs offer to automotive applications are excellent
crash performance, reduced cost and weight, and recyclability, which meet the European
directives and standards for vehicles (The 2000/53/EC End Life of Vehicles) [84]. This
provides great incentive, and future potential for further uptake CFRCs in the automotive

industry.

2.3.3.3 Sports equipment industry
The applications of CFRCs in sports equipment started very early, and this was the largest

market for CFRCs prior to significant uptake for aerospace applications. This is mainly due
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to the lightweight structure and excellent stiffness of CFRCs, which enable the production
of sports equipment with improved performance. Composite golf club shafts, archery bows,
fishing rods, racquets and skis equipment are now well-established products utilising CFRCs.
Recent developments include bicycle components and major parts of formula 1 racing

cars [85].

2.3.3.4 Construction industry

Owing to their good corrosion and fatigue resistance, and high specific strength and stiffness,
the application of CFRCs has also branched into the construction industries, for applications
such as load-bearing and infill panels, pressure pipes, tank liners and roofs [86].
Thermosetting continuous CFRCs are hoped to replace steels for making grids used for
concrete reinforcement, which can contribute to reducing weight and extending service life.
In Japan, thermoplastic-based CF composites are also used to build earthquake-proof

buildings [86].

Apart from the mentioned applications, the conducting nature of CFs makes the resulting
composites applicable for various fields, such as electromagnetic interference shielding, fuel
cells, sensors and conductors [45]. The environmental resistance makes CFRCs a good
choice for boat hulls, keels and masts [87]. The biocompatibility of CFRCs can expand its
applications in the medical sector [88]. New applications of CFRCs are still developing

rapidly.
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2.4 Carbon fibre/matrix interface

The performance of CFRCs is governed not only by the original physic-chemical properties
of the reinforcing CFs and the matrix, but also by a factor that is distinct for composite
materials, the CF/matrix interface which provides composites with structural integrity and
efficient load transfer from the matrix to the CFs. An enhanced interfacial bonding has the
potential to produce composites with improved properties, such as high ultimate strength
and interlaminar shear strength, good resistance to delamination and fatigue, which are
essential for structural applications. Composites with less than optimal interfacial adhesion
have reduced maximum structural load capabilities, and therefore their applications are more

limited.

2.4.1 Introduction of interface

The interface in CFRC:s is an interlayer formed by the interaction of the fibre and the matrix
for transfer of loads, and whose structure and properties are different from those of the
individual bulk fibre or matrix. Herrera-France and Drzal [89] described and expanded the
interface from a two-dimensional region based on previous studies to a three-dimensional
region that exists between the bulk fibre and the bulk matrix, starting from some point on
the fibre, through the actual interface, and into the matrix. In other words, the three-
dimensional interface is a region of material affected by the interaction at the interface,
including the interlayer between the fibre and the matrix (the actual interface), and the layers
of finite thickness extending either side of the interlayer. They used Figure 2.8 to illustrate
the complexity of the three-dimensional interface between the fibre and the matrix. Thus,

this region has been defined as an interphase by some researchers, for the purpose of
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conveying that such interlayer will lead to a gradual rather than abrupt change of

properties [90-92].
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Figure 2.8 Characteristics of the fibre/matrix interface in a composite material [71].

Several mechanisms have been proposed to explain the interfacial adhesion, including
adsorption and wetting, interdiffusion, Van der Waals attraction, chemical bonding and
mechanical bonding [93]. Chemical bonding is created between the well-matched chemical
groups on the CFs and the matrix. The bonding strength is decided by the amount and the
type of bonds [94]. The typical functional groups on the CF surface following oxidation
include -COOH, C-OH and C=O0, which possess good chemical bonding with lots of
matrices. The good wettability of the fibre by the matrix is undoubtedly beneficial for the
proper consolidation of the composites, where microstructure (mainly roughness and
polarity) and free energy of the surface are the key factors that affect the wettability of the
fibres [95]. Contact angle measurements are widely used for evaluating the wettability and

surface energy of the fibres. Mechanical bonding refers to the interlocking between the fibre
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surface and the matrix, which can be promoted by increasing the CF surface area and/or

increasing the roughness of the CF surface [96].

2.4.2 Interfacial shear strength (IFSS)

Interfacial shear stress is induced mainly due to the Poisson ratio difference between the
ductile resin and the stiff fibre. The elongation at break is about 0.45% for epoxy resin and
0.025% for CF [97]. When the load is applied to the composite, the greater Poisson
contraction of the matrix exerts shear forces, gradually building stress onto the fibre through
the interface region. If the matrix is well bonded to the fibre, the Poisson contraction of the
matrix can be suppressed by the fibre. Furthermore, even when the fibre breaks with the
broken ends of the fibre being pulled apart, the fragments continue to contribute some
reinforcement to the composite through load transfer. The stress on surrounding intact fibres
increases less than it would in the absence of the matrix, and the composite is still able to
bear more stress without fracturing. Thus, a good interfacial bonding can strengthen and
toughen the composite [97]. In other words, a composite with higher interfacial shear
strength shows better mechanical properties. In addition to this, the interface suffers
differential thermal expansion, as well as a non-linear stress/strain response of both fibre and

matrix, which make the stress pattern at the interface region further complicated [97].

26



2.5 Characterisation of interfacial adhesion

Many testing techniques have been developed to evaluate the interfacial adhesion in fibre
reinforced composites. All such approaches can broadly be divided into two groups
depending on the nature of the specimens adopted and the scale of testing. One group
encompasses the tests on the micro-composites where the individual fibres are embedded in
a matrix to directly examine the interfacial shear strength (IFSS) of an individual fibre, such
as micro-bond test [98, 99], single fibre pull-out test [100, 101], three-fibre test [105], single
fibre push-out test [102-104] and single fibre fragmentation test [106-108]. The other group
employs bulk laminate composites to predict the fibre-matrix adhesion by inference from
the gross mechanical properties of CFRCs, such as interlaminar shear
strength (ILSS) [4, 109, 110], interlaminar fracture toughness [111], transverse tensile
strength [112, 113] and translaminar shear strength [114]. Some of these techniques have

now been adopted as ASTM standards [115, 116].

2.5.1 Interfacial shear strength testing

2.5.1.1 Single fibre fragmentation test

The single fibre fragmentation test is one of the most popular microscale experiments used
to evaluate the interfacial properties of the fibre/matrix composites. It was developed from
the early work of Kelly and Tyson in 1965 [117]. In this test, a single fibre filament is
embedded entirely into the middle of the matrix which is shaped into a dog-bone specimen.
The elongation percentage of the matrix material must be at least three times greater than
that of the fibre filament, so that shearing can occur at the fibre-matrix interface between the
stiff fibre and the ductile matrix. When the specimen is elongated along the axis of the fibre

by a load applied on the matrix, the embedded fibre will break due to the shear stress
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transferred from the matrix. As loading continues, the fibre fragment breaks into smaller
lengths at locations where the tensile strain in the fibre exceeds the failure strain of the fibre.
The fibre fragments continue to fracture into even shorter lengths until the maximum stress
on the fibre fragments can no longer cause any more fibre breakage. This is known as
“fragment saturation”, as illustrated in Figure 2.9. The final fibre fragment length, which can

be measured with an optical microscope, is referred to as the critical length.
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Figure 2.9 Schematic illustration of the single fibre fragmentation test [118].

The Interfacial shear strength (IFSS, 1) can be determined based on the constant shear model

proposed by Kelly and Tyson [117]:

- K — 2-1
TKZl (2-1)

where K is a correction factor determined from the Weibull/Poisson model, for fibres, a mean
value of 0.889 is an appropriate correction factor; d is the fibre diameter, m; o is the fibre

strength, Pa; [ is the critical fibre fragment length, m. Although this method is simple and
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quantifiable for determining IFSS, some limitations exist with this approach, such as limited
matrix material that can be used for this test as it must have an appropriate elongation
property; the results could be unduly influenced by the shrinkage pressure which is unrelated

to adhesion [106, 119, 120].

2.5.1.2 Pull-out test & micro-bond test

The fibre pull-out test and micro-bond test share some similar characteristics, consisting of
a fibre or a filament partially embedded in a matrix box, a thin disc or a droplet (as shown
in Figure 2.10). These tests are easy to conduct, but they were developed in the early stages
of composite research with thick fibres. In order to pull the fibre out of the matrix, a steadily
increasing load is applied axially to the free end of the fibre while the matrix block is gripped.
Load and displacement are recorded during the whole de-bond or pull-out process until either
fibre fractures, or is pulled out of the matrix. The schematic set-ups of the micro-bond test

and pull-out test are shown in Figure 2.10.

The IFSS can be determined using these two methods under the assumption that the shear
stress is uniformly distributed along the embedded length of fibre with the following

equation:

Fmax
T =

=— (2-2)

where Fuax 1s the maximum load applied for debonding or pulling the fibre out of the
matrix, N; d is the fibre diameter and / is the embedded fibre length, m. These two techniques
can be used for almost any fibre-matrix combination and the value of force at the debonding
moment can be easily obtained. However, there are some inherent limitations to these

approaches, such as the presence of the meniscus formed on the fibre by the resin, which has
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an inevitable effect on the measurement of the embedded length and the interfacial stress,
leading to a relatively large deviation in the obtained shear strength. Also, the state of stress
at the exit creates a tensile interfacial force, and no information can be obtained about the

failure mode.
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Figure 2.10 Schematic set-up of (a) micro bond test [121] and (b) pull-out test [122].

2.5.1.3 Single fibre push-out test

The single fibre push-out technique is widely used for measuring the interfacial shear
strength for many fibre-matrix combinations. The single fibre perpendicular to a polished
surface of a thin composite is compressively loaded using a diamond indenter to push the
fibre out of the matrix. A sample holder with grooves located below the fibres is used for
providing space for the pushed-out portions of the single fibres, while preventing specimen
slice from bending. Compared to a pyramidal indenter tip, the conical indenter tip and the
flat-end indenter tip are preferred due to the increased contact area they provide between tips

and the fibre, which can effectively reduce the tip penetration into the fibre cross-section. A
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typical load-displacement curve of a single fibre push-out test performed with a conical
indenter tip is shown in Figure 2.11. Stage C to D in the figure represents the debonding

process, as characterised by the significant increase in displacement under a constant load.
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Figure 2.11 Schematic diagrams and a typical load-displacement curve of a single fibre

push-out test with a conical indenter tip.

The IFSS at the fibre/matrix interface is given by:

= (2-3)

where F'is the load at the instance when the interfacial sliding occurs (the plateau load in
between C and D in Figure 2.11), N; d is the diameter of the fibre, and / is the fibre length (the

thickness of the specimen), m.

Compared with other methods, the push-out technique is an in-situ interfacial test for real

composites and it reflects actual processing conditions. The use of flat-end and conical tips
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also contributes to reducing the fibre’s radial Poisson expansion, which occurs during sharp

indenter tip penetration.

2.5.2 Mechanical properties testing of composites

2.5.2.1 Short-beam shear test

The short beam shear test is one of the most widely used laminate techniques to measure the
ILSS of composites, and has been documented as an ASTM standard [116]. In this test, a
beam fabricated from unidirectional laminate composites is loaded under three-point
bending. The specimen has a span-to-width ratio (/) chosen to produce interlaminar shear

failure.

Figure 2.12 Schematic diagram of short beam shear test.

The ILSS is given by:

3Fmax
4bt (2-4)

where Fuax 1s the maximum applied load, N; b is the specimen width and 7 is the specimen
thickness, m. An inherent problem associated with this technique is that the loading nose of

small diameter induces stress concentration and non-liner plastic deformation.
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2.5.2.2 Double cantilever beam test (DCB)

The double cantilever beam test is widely used to measure the Mode I interlaminar fracture
toughness (Gic) in composites. As shown in Figure 2.12, a typical specimen for DCB test
requires a non-adhesive insert on the midplane that acts as a delamination initiator. Opening
forces are applied to the end of the specimen on the attached metallic blocks or hinges. The
hinges must be configured to avoid inducing any bending moment on the specimen. The
ends of the DCB are opened by controlling either the crosshead movement or the opening
displacement. As the delamination grows by loading from the insert, a resistance-type
fracture behaviour develops and gradually stabilises with further delamination growth. A
resistance curve, illustrating the Gic as a function of delamination length, is obtained to
characterise the initiation and propagation of the delamination in a specimen. The

interlaminar fracture toughness Gjc can be calculated with the following equations:

_3F§
2ba (2-5)

Gic

where F is the applied load, N; Jis the load point displacement, m; b is the width of DCB
specimen and a is the delamination length, m. In practice, this expression will overestimate
Gic because there may exist rotation and bending at the delamination front. Compliance

calibration based on the beam theory is normally used to modify the data interpretation.
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Figure 2.13 Double cantilever beam specimen [115].

Each of these methods has been used effectively in many studies to characterise interfacial
adhesion. However, the reliability and validity of these results are poor, as revealed by the
variance in the literature obtained values, which are frequently attributed to the poor
reproducibility of the sample preparation and stress distribution [123]. Moreover, the IFSS
values determined by the microscopic test are difficult to translate to macroscopic laminates,
making it is difficult, if not impossible, to compare the IFSS values across different
mechanical testing scales. Attempts have been made by Drzal et al. [124],
Madhakur et al. [125], Herrera-franco et al. [89] and Filip et al. [123] to establish a link
between the microscopic test results and the macroscopic results. Unfortunately, the only
commentary of IFSS comparison between micro and macro scales was provided.
Nevertheless, all testing methods reached the same conclusions, which was that these teats
were valuable tools to investigate the adhesion properties, and can be used to compare the
interfacial shear strength of identical composites containing fibres with different surface

treatments, and to predict the behaviour of composite materials.
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2.6 Surface modification on CF

Owing to the excellent properties of CFs, they have become materials of choice for the
reinforcements in composites, provided that the stress applied to the matrix can fully transfer
to the CFs. However, because of the chemical inertness and low free energy of CF surfaces
with high density graphitic basal planes, the interfacial bonding is not strong enough to fully
transfer the stress from the substrate to the CFs [3]. Therefore, further increase in the
performance of CFRCs is restricted by the low CF/matrix interfacial shear strength. This
challenge can be addressed through different surface treatments of CFs, which can
potentially modify their surface microstructure, introduce new surface chemical groups to
the CF surface, and change the surface free energy of the fibres. Although varying in details,

these surface treatments generally fall into the following categories:

a) gas-phase oxidative surface treatments;

b) liquid-phase oxidative surface treatments;

c¢) electrochemical oxidative surface treatments;

d) thin coatings or nanostructures on the surface;

e) plasma surface treatments with oxidative or non-oxidative gases (both atmospheric

and low-pressure).

2.6.1 Surface modification effects

Extensive studies have been conducted to investigate the response of CFs to different surface
modifications [99-126]. Typically, all these techniques involve physical and/or chemical

modifications of the CF surfaces.

Physically alteration of the surface morphology and the structure of CFs can result in a larger

surface area and an increased number of contact points, micro-voids, or surfaces. The surface

35



morphology of CFs varies with different surface treatments, as observed by Bijwe and
Sharma [126]: compared to the unmodified surface, deeper perforations were introduced by
HNO3 modification; deeper and wider grooves were presented on the surface after oxygen
plasma modification; nano-particles were revealed on YBF3-nano ytterbium fluoride particle
modified surfaces. The surface roughness was increased from 167 nm for the unmodified
surface to 245 nm, 232 nm and 234 nm following the HNO3, oxygen plasma and YBF3
modifications, respectively [126]. The turbostratic structure of CFs tends to be more
disordered following most of the surface treatments, revealed by the increased intensity ratio

of the disordered structure, in comparison with graphitic structures [12, 127, 128].

The second modification approaches involve the formation of more chemical groups, leading
to the increase of surface energy and inclusion of reactive functional groups that improve
chemical bonding with the matrix in the resulting composite. Oxidation reactions initiate
from the pre-existing voids on the lateral graphitic planes, as the binding energy of these
planes is lower than that of the highly ordered basal planes. The preferential oxidation
contributes to opening these pre-existing voids, creating more carbon elements with dangling
bonds for further chemical oxidation [129]. The increased surface energy of these regions,
together with the oxidised functional groups, are responsible for forming bonds and reactions

with the matrix.

Most CF modification techniques can produce both effects described above. The exposure
of pre-existing voids by preferential oxidation increases the surface area, which provides
more mechanical interlocking sites with the matrix, as well as available surface sites for the

attachment of functional groups.
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Preservation of fibre mechanical strength after surface modification is essential for the
resulting composites as the on-axial properties of the composites, such as longitudinal tensile,
compressive, and flexural properties, are dominated by the fibre mechanical properties [124].
However, it is also widely recognised that these surface treatments, especially ones which
involve the severe etching of the fibre surface, can increase the adhesion capacity of CFs
with the matrix but at the cost of fibre strength, mainly due to the introduction of excessive
surface defects, which act as stress concentrators. Bijwe and Sharma [126] investigated the
relationship between the tensile strength and the structural disorder ratio of CFs modified by
acid, plasma, gamma-ray and nanoparticles. They reported that the reduction in the tensile
property of CFs by surface modification is accompanied by an increase in the structural

disorder ratio (/p/Is) and a decrease in the surface crystallite size (La).

According to the analysis of the approaches for various surface modifications of CFs,
Hughes [97] and Dilsiz [95] summarised the potential mechanisms of surface modification

in improving the CF/matrix adhesion through the following routes:

e Dby removing the weakly bonded regions on the fibre surface to provide a more
intimate contact between the fibre and the matrix, thus leading to the increase of the
Van der Waals force,

e by promoting mechanical interlocking between the fibre and the matrix through
roughening the surface,

e Dby supporting the matrix molecules physically to entangle with or diffuse into the
polymer coating on the fibres through the molecular network,

e by increasing the wettability of the fibre surface,

e Dby introducing new functional groups on the fibre surface for subsequent chemical

bonding,
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e Dby using a thin layer of ‘coupling agent’ that will chemically bond to both the fibre

and the matrix.

2.6.2 Gas-phase oxidative surface treatments

Air, oxygen, fluorine, oxygen-containing gases (e.g. ozone, steam and carbon dioxide) can
be used for gas-phase oxidative treatments [130]. The uneven burning away of CF surface
layers during gas-phase oxidative surface treatments can produce more active sites but cause
inevitable weaknesses in the fibre structure and reduction in fibre strength. As a result, these
gas-phase oxidative treatments introduce the surface chemical reactions at a price of the fibre
strength if the treatment is extended. Thus far, oxidative treatments of CFs in air have not
been effective in enhancing the interfacial shear properties of the resulting composites. For
example, Herrick et al. [130] and Kucera et al. [131] reported that the oxidation in air or
oxygen at elevated temperatures may lead to notable pitting of CF surfaces, which reduced

the fibre strength. High temperature (> 400 °C) is needed for efficient oxygen oxidative

treatment of CFs, but the risk of spontaneous ignition at such temperatures is very high.
Molleyre and Bastick [132] treated PAN-derived CFs in oxygen at 550 °C and the external
and internal structures of the untreated and treated CFs were examined by adsorption and
scanning electron microscopy (SEM). They proposed that the increase in IFSS was due to
the increase in surface area of the fibres. Molleyre et al. [132] also oxidised CFs using CO»
at temperatures between 850 and 925 °C, and observed that morphology changes on the fibre
surface were similar to the treatments with oxygen diluted with nitrogen. Seo and Park [133]
investigated the effect of oxy-fluorination on CF surfaces. X-ray photoelectron
spectroscopy (XPS) confirmed the hydrophilic surface of modified fibres were due to the
introduced functional groups: C-O, C=0, HO-C=0 and C-F, which contributed to the

chemical reaction with the matrix.
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2.6.3 Liquid-phase oxidative surface treatments

Comparing with gas-phase oxidative treatments, liquid-phase oxidative treatments are
milder and more effective in improving the interfacial shear properties of CFRCs by mainly
altering the chemical composition of the CF surfaces through a direct chemical reaction in a
given solution. The chemical solutions adopted in these oxidative treatments are usually acid
solutions, organic solutions or other specific types of solutions, such as nitric acid (HNO3),
sodium hypochlorite (NaClO), acidic potassium permanganate (KMnQ4), sodium hydroxide
(NaOH) and maleic anhydride [134]. The liquid-phase oxidative treatments can corrode the
surface of the CFs and/or create perforations to improve the mechanical interlocking
between the fibre and the matrix, simultaneously. However, pits, crevasses, micro-voids and
flaws are induced on the surface of CFs during these treatments, which will reduce the single
fibre strength. The influence of HNO3, NaOH and maleic anhydride on CFs was investigated
with surface enhanced Raman scattering (SERS), X-ray photoelectron spectroscopy (XPS),
Fourier transform infrared spectroscopy (FTIR) and mechanical property testing. The
Raman characterisation showed that the vibration modes of -C=C-, -CH;- and C-O were
found on the maleic anhydride treated CFs. Acidic functional groups were introduced on the
HNO:s treated CF surface and the acidic capacities of CFs increased with oxidation
time [135]. The acid-oxidised fibre surfaces treated with re-fluxion in aqueous NaOH after
the HNO; oxidation removed weakly bound, partially oxidised, graphitic fragments and
generated some new immobilised acidic functional groups, while simultaneously losing
acidic functional groups on the CF surface [136]. The weight and graphite layer losses were
0.23 % and 29 A in thickness respectively with the re-fluxing NaOH solution for
1 hour [136]. The introduction of functional groups (-COOH and -COOR), B-carbon and

bridged structure contributed to the compatibility of modified fibre surface with the

39



bismaleimide (BMI) matrix. It should be pointed out that liquid-phase modification has been
criticised by researchers for the environmental pollutions, as well as the time-consuming

processes for removing the acid adsorbed on the fibre surface [135].

2.6.4 Electrochemical oxidative surface treatments

Electrochemical oxidative modification is becoming an attractive route for surface treatment
of CFs, as it offers more control over surface chemistry and allows continuous processing.
The electron transfer in the electrolyte solution alters the oxidation state, and hence leads to
the modification of the CF surface. A variety of electrolytes, such as sodium hydroxide,
ammonium hydrogen carbonate, sulphuric acid and nitric acid, are employed to create
desired functional groups and alter the surface morphology of CFs [137]. The adsorbed
electrolyte on the fibre surface increases the surface activity by extending surface areas via
the formation of ultra-micro pores and by introducing polar oxygen-containing functional
groups over the extended porous surface. Therefore, the electrochemically treated CFs
possess enhanced adhesion with most matrices. However, some discrepancies can be found
in the literature, with Donnet and Ehrburger [138], pioneers in this field, finding that
oxidation in the alkaline medium did not change the oxygen content of CFs, whereas anodic
oxidation in nitric acid solution considerably increased the amount of oxygen functional
groups. On the other hand, Yumitori and Nakanishi [139] observed that the oxygen
concentration on the fibre surface increased rapidly as the electrical charges were increased
in both alkaline (NaOH) and acidic (H2SO4) solutions. Bader and Baillie [140] studied the
effect of electrochemical oxidative treatment on fibre/epoxy-resin matrix adhesion. High-
strength PAN-derived CFs were electrolytically oxidised with the current density varying

from 1 to 100 A.m™. The results of embedded-fibre fragmentation tests demonstrated that
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the interfacial strength of the composites had been effectively increased, which was

attributed to the increase of the number of acidic groups in the interfacial region.

2.6.5 Thin coatings or nanostructures

The application of thin coatings or nanostructures, such as silicon carbide (SiC), silicon
dioxide (SiO»), titanium dioxide (TiOz), graphene oxides, carbon and carbon nano tubes
(CNT) onto the CF surface, has been proven to be an effective technique for the modification
of fibre surfaces through increase of the surface area and roughness, and enhancement of the
surface wettability [141]. Many organic polymeric materials such as polyvinyl benzene,
polyimide and organ silanes are grafted on to CF surface as well, in order to improve the
interfacial bonding of CFs with the resin matrix through covalent or ionic bonding [142].
CNTs are in the lead in this regard, owing to their intrinsic properties, such as remarkable
electrical and thermal conductivity, exceptional tensile strength and good optical properties.
Hence, the CNTs coated CFs can be applied to electrodes for super-capacitors, fuel cell
electrodes and conductive layers. The key challenge in the CNTs coating is how to
homogeneously distribute the CNTs onto the CF surface. Typical techniques used for CNTs
attachment on CF surface involve chemical vapour deposition (CVD) [143-145], injection
chemical vapour deposition (ICVD) [146-148], chemical vapour infiltration (CVI) [149],
electrophoretic deposition (EPD) [150, 151] and chemical/electrochemical grafting [152-
154]. The efficiency of CNT coatings depends on the distribution, orientation and length of
the coated CNTs. Lv et al. [146] reported that CNTs with a perpendicular alignment and
long length showed a remarkable improvement of IFFS in epoxy composites due to the
improved wettability and the increased contact interfacial area. The improved wettability
was attributed to the increase in specific surface roughness and the capillary action of the

grafted CNTs. An increase of two orders of magnitude was found in the specific surface area
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of CNT coated CFs. However, reduction in the single fibre strength following CNT coating
of CFs has been reported by many researchers, which is attributed to the adsorption of iron
particles on the fibre surface and the increased surface flaws [147, 155, 156]. For example,
Sager et al. [155] found that the ultimate tensile strength of the single fibre significantly
decreased by 37% in the case of the radially aligned CNTs, and by 30% in the case of
randomly oriented CNTs, introduced using CVD processing. Similarly, a slight decrease was
also observed in the tensile modulus of the fibre, with a 9% reduction and a 13% reduction

for the radially aligned and randomly oriented CNTs coated fibres, respectively.

2.6.6 Plasma surface treatments

Plasma treatment has become a promising method to improve the adhesion between the CF
surface and matrix materials, since it offers an economic and environmentally-friendly
approach to modify the fibre surface chemistry with limited influence on the bulk properties.
As the fourth state of matter, plasma is an ionised gas medium containing a variety of highly
excited species, such as electrons, ions, free radicals, molecules and other metastable excited
species. It can be obtained when gases are activated to higher energetic states and ionised.
Typical gases used to create a plasma include air, hydrogen, oxygen, nitrogen, ammonia,
methane, helium and argon. When the CFs are subjected to plasma, the electrons, ions and
radicals collide with the exposed CF surface, thus rupturing covalent bonds and creating new
free radicals. The activated CF surface can then readily react with the excited gas species
and create chemically reactive groups, such as hydroxyls, ethers, carbonyls, aromatics and
ammoniacals. These reactive functional groups can improve the CF surface reactivity and
polarity, and hence enhance the adhesion potential with the matrix in the resulting
composites. In addition, the etching effect caused by the ion bombardment from the direct

plasma treatment has the potential to remove surface contaminations from the CFs, therefore
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allowing better contact and alter the fibre surface morphology, and hence enhance the

mechanical interlocking between the fibre and the matrix.

The techniques used to produce plasma include radio frequency (RF), microwave (MW),
corona discharge (CD), direct current (DC), dielectric barrier discharge (DBD) and plasma
immersion ion implantation (PI°) [129]. CD and DBD treatments are typical methods
conducted under atmospheric pressure, and therefore, they are convenient and easy to
produce continuously. On the other hand, RF, MW and DC plasmas are typically carried out
in a vacuum, and thus they have been named as low-pressure plasmas (LPP). As a result, the
collision frequency between the energetic species and the gas molecules of the LPP plasma
is much lower than that of atmospheric plasma, resulting in less destructive damage of the

fibre surfaces.

2.6.6.1 Low-pressure plasma treatments

Due to its capacity in improving the interfacial adhesion with less reduction of the fibre
strength, low-pressure plasma is an attractive option for surface modification. Among the
LPP techniques, conventional DC plasma and corona discharge require the use of electrically
conductive electrodes and hence they can only be used to modify the surface of conductive
materials. RF and MW plasmas can be applied to non-conductive material, but the equipment

is very exquisite and expensive.

The proposed mechanisms involved in the plasma surface modifications of CFs are through
removing containments and roughening the surface through mild ion bombardment from the
surface of CFs, as well as introducing functional groups and altering the surface polarity.
For example, the micro-bond fibre pull-out test conducted by Wu et al [13] revealed a 29%

improvement of IFSS for a 5 min oxygen DC plasma treatment, which was attributed to the
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increase of the surface oxygenated functional groups and the increase of surface energy (41%
enhancement). Lee et al [157] found that the surface roughness and density of functional
groups were increased for both oxygen and hydrogen plasma treatments, which contributed
to the adhesion with the polyetherimide matrix. However, such plasma treatments can still
damage the fibre surface due to bombardment, even with their less destructive nature when
compared to other methods [11, 158]. For example, Jang [14] reported that oxygen RF
plasma treatment improved the fibre/matrix interfacial adhesion but at a cost of reduced
average tensile strength from 3.80 to 3.01 GPa; ammonia gas plasma had a less damaging
effect, but still reduced the filament tensile strength from 3.80 to 3.65 GPa. The explanation
given for the tensile strength degradation is the inevitable surface damage during the direct
plasma treatments, in which samples were directly immersed in the plasma. With this regard,
Inagaki et al. [159] proposed remote plasma treatment, in which samples to be treated are
placed away from the plasma formation zone. They proposed that the surface degradation
was initiated by the bombardment of the ions and the electrons, while the desirable surface
functionalisation came from the interaction with radicals in the plasma. Therefore, the
remote plasma treatment could eliminate ions bombardment induced degradation while still
providing the radicals necessary for surface modification, since radicals have longer lifetime
than ions and electrons. However, it should be noted that it is difficult to scale up their

laboratory experimental set-up to a large production reactor.

2.6.6.2 Active screen plasma (ASP) treatment

2.6.6.2.1 Fundamentals of active screen plasma technology

Recently, a more advanced plasma technology, active screen plasma (ASP), has been
developed based on the glow discharge in DC plasma and the principle of remote plasma to

avoid the undesirable effects associated with traditional direct plasma treatment [160]. In
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this technique, the worktable and samples are surrounded by a metal screen. The high
potential is applied between the metal screen and the equipment wall. The worktable and the
samples to be treated are instead placed at a floating potential. Thus, the plasma is generated
on the metal screen and works on the samples assisted with a specially designed fan on the

top of the plasma equipment.

2.6.6.2.2 Advantages of active screen plasma technology

The advanced ASP has gradually become a practical industrial technology due to its several
distinct advantages. The most significant advantage of ASP surface treatment, compared
with the conventional plasma treatment processes, is that surface damaging phenomena, such
as arcing, edge effects and hollow-cathode damage, are completely avoided. This occurs due
to the cathode potential being applied to the active screen, rather than to the samples to be
treated, and hence there is no direct ion bombardment to the sample surface during ASP
treatment. Secondly, ASP technology can be applied to both conductive and non-conductive
materials, such as metals, ceramics, polymers and composites. This is because the samples
to be treated by ASP treatment are placed in a floating potential so that the electrical
conductivity of the samples is not necessary. Additionally, the samples are typically directly
heated by the plasma in a conventional plasma furnace, leading to a temperature difference
between the outside and the centre. This problem can be partially solved using the ASP
technique, as the samples are heated by the thermal radiation from the plasma generated on
the screen. The temperature can be controlled very closely by adjusting the current provided
to the screen, and precisely measured by the thermal couples. Furthermore, ASP technology
is economic and environmentally friendly. ASP treatments usually operate with low voltage
(under 500 V) and low vacuum (under 100 Pa), which will contribute to reducing the cost of

operation and equipment. No harmful by-products, toxic or hazardous liquids or gases are
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produced during the treatment process, meaning that ASP treatment is non-destructive to the
environment. Finally, ASP technology is regarded as reliable, reproducible, and applicable
to different sample geometries, and has the ability to alter the surface characteristics,
including surface tribology, morphology, chemical, electrical, biological and mechanical

properties.

2.6.6.2.3 ASP surface modification of CF

a) Plasma interaction with CF

The technical feasibility of ASP for surface modification of fibres relies on its energetic
species and relatively low gas temperature. The former provides the possibility of chemical
reactions and ion bombardment on the fibre surface upon contact. The latter, being a cold
plasma, is beneficial for allowing the fibres to be modified without loss of their mechanical
properties. The temperature difference between the energetic species and the gas molecules
is mainly determined by the mean free path of the particles between collisions, which
primarily depends on the gas pressure. These energetic plasma species (ions and radicals)
can travel longer distance between collisions, and the CFs interacting with such plasma are
mainly subjected to radicals and a low-energy ion bombardment. Free radicals readily
promote chemical modification on the surface of CFs due to their longer lifetime than the
other energetic species. The mild ion bombardment has a positive effect for initiating
chemical modification by generating new defects and active sites, and for increasing the
surface area through roughening of the fibre surface. Also, the binding strength of the most
common chemical bonds on CFs is lower than the energy of these energetic species found
in the plasma. Therefore, the interaction of these energetic species with the CF surface can
trigger chemical reactions and alter structures, while the average temperature of the gas

remains low.
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b) General mechanisms of plasma modification on the adhesion of CF to the matrix

The plasma contains highly activated species, such as electrons, ions and radicals, which
interact with CFs to modify the surface. Generally, three potential mechanisms are involved

in the ASP modification that contribute to the improved adhesion of the two components:

e removal of surface contaminants and weak bonds by mild ion bombardment;
e enhancement of wettability through the incorporation of polar groups that facilitate
the spontaneous spreading of adhesive or matrix resins;

e formation of the functional groups on the surface.

2.6.6.2.4 Research status of ASP treatment of CF

A feasibility study has been conducted by Santiago et al. to explore the potential of ASP for
the surface treatment of CFs. The optical emission spectroscopy (OES) results for different
ASP conditions confirmed that the ASP modified surface of CFs was enriched with nitrogen
functional groups. XPS results and contact angle measurements have revealed functionalised
hydrophilic surfaces, which can potentially contribute to further adhesion with the matrix.
However, the modified surface was found to have a hydrophobic recovery when exposed to
air with a loss of 78% of the polar regions after only 3.4 days. In addition, it is still not clear
if and how the ASP treatment will affect the strength of CFs and improve the interaction

with the matrix (i.e. [FSS).
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2.7 Summary

In this chapter, the development of carbon fibre (CF) and related research was briefly
reviewed (Section 2.1), followed by an overview of the production processes for both PAN-
derived CF and pitch-derived CF, with an introduction to their structures and main properties
(Section 2.2). Owing to the excellent properties of CFs, they have been used as reinforcing
materials in composites (Section 2.3). However, the application of CF reinforced composites
(CFRCs) is limited by poor interfacial bonding. The composition of the interface and the
mechanisms of the interfacial bonding are illustrated (Section 2.4), followed by the

estimation methods of interfacial shear strength (IFSS).

Being the main scope of this project, the surface modifications of CF are reviewed in detail
(Section 2.6). Although numerous surface modification methods have been developed to
improve interfacial adhesion of CFs to the matrix in composites, most of these treatments
either lead to environmental concerns due to the use of toxic chemicals or reduce the
mechanical properties of CFs due to surface damage. Active screen plasma (ASP) offers an
economic and environmentally-friendly way to modify fibre surface chemistry while
avoiding the undesirable effects associated with traditional direct plasma treatments.
However, few reports were found on the physical and chemical interaction between the
active screen plasma and CFs and the direct evaluation of the interfacial bonding between

ASP modified CFs and the matrix in resulting real composites.

Therefore, this PhD project was aimed at exploring the potential of ASP technology for the
surface modification of CFs to improve their adhesion to epoxy matrix and the mechanical
property of the resulting CF-reinforced composites. To this end, advanced ASP technology

was utilised to modify the surface of PAN-derived CFs using different gas mixtures. The
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modified CF surfaces were fully characterised by scanning electron microscopy (SEM),
atomic force microscopy (AFM), X-ray diffraction (XRD), Raman spectroscopy, X-ray
photoelectron spectroscopy (XPS), contact angle and dynamic vapour sorption (DVS) to
understand the response of CFs to the ASP. Tensile tests on single fibre and fibre bundle
were carried out to directly study the effect of ASP treatment on fibre tensile strength. Nano-
indentation enabled single fibre push-out testing method was used to investigate the
interfacial behaviours between the single fibre and the epoxy substrate. The mechanical
properties of CF-reinforced composites were examined by tensile strength, flexural strength,

interlaminar shear strength (ILSS) and interlaminar fracture toughness.
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CHAPTER 3 EXPERIMENTAL

3.1 Materials

The carbon fibre (CF) used in this work was HTA40 E13 6K 400 tex provided by Toho
Tenax®-E. It is poly-acrylonitrile (PAN) derived CF and commercially available as epoxy
sized. 5H satin weave carbon fibre fabric G0926 based on HTA40, with a typical density of
around 370 g/m* and a thickness of 0.38 mm, was obtained from HEXCEL Industries Inc
(USA). It was used as reinforcement for manufacturing composites in this work. A three-
part epoxy-based resin system (Araldite® LY 556, Aradur® 917 and Accelerator® DY 070)
were purchased from HUNTSMAN industries (USA) and used as the matrix material for the
sample preparation of the push-out tests. The documented physical and mechanical
properties of HTA40 CFs and epoxy resin system are summarised in Table 3.1 and Table 3.2,

respectively.

Table 3.1 Documented properties of HTA40 carbon fibres.

Diameter  Strength Modulus Strain Density o o
(pm) (GPa) (GPa) (%) (g/em?) Sizing type Sizing volume

7 3.95 238 1.7 1.76 Epoxy 1.3%

Table 3.2 Documented properties of three-part resin system at 25 °C.

Epoxy Content  Viscosity Density Flashpoint

(eq/kg) (mPas) (g/cm3) (°O)
Araldite 5.3-545 10000-12000  1.15-1.20 > 200
Aradur 917 - 50-100 1.20-1.25 195
Accelerator DY 070 - <50 0.95-1.05 92
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3.2 Active screen plasma treatment

Active screen plasma (ASP) treatments were carried out at a pressure of 75 Pa in an
AS Plasma Metal 75kVA + 15KV industrial scale plasma furnace, which is equipped with
an austenitic stainless-steel mess cylinder as the active screen. The temperature within the
furnace was measured by placing a thermocouple next to the samples. The voltage, which
was controlled between 300 to 400 V, was applied between the active screen (cathode) and
the walls of the furnace (anode) during all treatments. The CFs were hung on a stainless-
steel rack with a distance of 30 mm to the active screen (Figure 3.1). The treatment current
was recorded to be between 60 and 70 A, and the temperature in the furnace increased from

the room temperature (~25 °C) to approximately 32 °C for all treatments.

L

+«— Gasin
Active screen (cathode

Carbon fibres /

.ml" lm i B

Furnace Wall (anode)

Gas out -

Figure 3.1 Schematic diagram of active screen plasma treatments.

As shown in Table 3.3, two groups of ASP treatments were designed to study the effect of
gas mixtures and treatment durations. The first group of ASP treatments were conducted for
2, 5 and 8 minutes in a gas mixture of 25% N> and 75% Hz (ASPN). The second group of

ASP treatments were carried out for 5 minutes with 5 to 15% Ar in the gas mixtures (ASPAr).
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The ratio of gases was chosen based on previous work in this Group. De-sized CFs were set

for investigating the effect of commercial epoxy resin. They were obtained by immersing

the pristine CFs in acetone at 45 °C for 24 hours and then dried in a desiccator.

Table 3.3 Active screen plasma treatment conditions and the corresponding sample codes.

Sample code

Gas mixture

Duration Pressure Power
(minute) (Pa) (W)

Pristine

. none none
De-sized
ASPN2 25%N> + 75%H> 2
ASPNS5 25%N> + 75%Ho> 5
ASPNS 25%N>, + 75%H> 8

~75 25000

ASPA15-5% 23.75%N,2+ 71.25%H>, + 5%Ar
ASPA15-10% 22.50%N, + 67.50%H> + 10%Ar 5

ASPAr5-15%

21.25%N2+ 63.75%H2+ 15%Ar
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3.3 General characterisation

3.3.1 Scanning electron microscopy (SEM)

A JEOL 7000 field emission scanning electron microscopy (FESEM) was utilised to observe
the surface morphology, pushed-out fibres and fractography throughout this study. In most
cases, the accelerating voltage and working distance were fixed at 20 kV and 10 mm
respectively, but the surface morphologies of CFs were observed at 5 kV and 5-6 mm
working distance due to the relatively low electrical conductivity of the CFs. Specimens for
push-out tests were coated by a nanogold sputter for 1 minute (coating rate 10 -12 nm every

3 min) to improve the electron conductivity prior to the SEM observation.

3.3.2 Atomic force microscope (AFM)

A Bruker Innova AFM was used in tapping mode with Bruker MSNL-10 probes to obtain
the detailed topographies of the CF surfaces and evaluate the surface roughness. All the

images were collected in a 5 um X 5 um area.

3.3.3 Raman spectra

Raman spectra of pristine and ASP treated CFs were collected by using a Renishaw inVia
Raman microscope fitted with a diode laser source giving monochromatic red light of 488
nm wavelength. A super long 100X objective was used to focus the laser beam on the
specimen and to collect the scattered radiation. The beam power was set at 10% out of the
35 W to minimise damage to the samples. The exposure time was 10 seconds per scan and
10 accumulations were taken for every sample. At least three different positions were

examined for pristine and for all ASP treated CFs. The raw experimental data of the Raman
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spectra were analysed using the WiRE software (version 4.2) by Renishaw and peak-fitted

by Gaussian curves in order to determine the peak intensities and Raman shifts [12].

3.3.4 X-ray diffraction (XRD)

The crystallisation status of CFs before and after ASP treatments were analysed by X-ray
diffraction using a Bruker D8 Advance X-ray diffractometer working with Cu-K, radiation
(A = 0.154 nm). The CF samples were ground to powder by cryo-miller (SPEX CertiPrep
6750, HORIBA Jobin Yvon) and then scanned between 20 angles of 10 ° to 90 ° at a speed
of 10 seconds per step (0.01418 °). The obtained XRD patterns were analysed with X’ Pert
Highscore Plus software and fitted with Gaussian functions to calculate the fibre structure

parameters Lc (crystallite height) and La (crystallite width) using Scherrer’s formula:

L =KA/(B cos ) (3-1)

where K is a dimensionless shape factor (Kc = 0.89, Ka = 1.84); A is the X-ray wavelength,
nm; f is the full peak width at the half maximum (FWHM); and @is the Bragg angle of the

corresponding peak.

3.3.5 X-ray photoelectron spectroscopy (XPS)

The surface bonding and chemical composition of pristine and ASP treated CFs were
examined by XPS (PHI 5000 VersaProbe I11) in a Thermo Scientific Sigma instrument using
a monochromatic Al X-ray source (1486.6 ¢V, 15 kV and ImA anode current). Full-range
survey spectra, as well as detailed C Is, O 1s and N 1s spectra, were collected in order to
understand the functionalisation following ASP treatments. The resulting spectra were
analysed using Matlab® software and the peak-envelops of the detailed spectra were fitted

with a set of Gaussian functions [97].
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3.3.6 Contact angle

Contact angle measurements were performed with resin microdroplets on the CFs before
and after each surface modification to study the effect of ASP treatment on the wettability
of the CFs. The quantitative assessment of the wettability of single CF filaments proved to
be very challenging. Therefore, the surface wettability of pristine and modified CFs was
assessed by measuring the contact angle of microdroplets of epoxy resin LY 556 on CFs
using optical microscopy (Zeiss Axioskop 2). Single fibres were separated from the bundle
and attached to the edge of a petri dish. The petri dish was then tilted to 45 © and the epoxy
resin LY 556 was dropped using a 1 ml syringe and allowed to move down the fibre through
gravitational forces. As a result, the single fibre was wetted with many epoxy microdroplets
(Figure 3.2). The microdroplets were observed and the contact angles were measured using
a Zeiss Axioskop 2 microscopes. At least 10 microdroplets were examined for each sample.

All the measurements were conducted at room temperature.

Epoxy resin

Single fibre filament S‘/ S

Figure 3.2 Schematic diagram of the petri dish holder used for contact angle

measurements.

3.3.7 Dynamic vapour sorption (DVS)

A dynamic vapour sorption (DVS) gravimetric analyser (DVS advantage) was used to
measure the adsorption characteristics of pristine and ASP treated CFs. The absorbent mass

was measured directly by a recording microbalance with a sensitivity of 0.1 ug housed in a
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controlled temperature chamber. The pristine and ASP treated CFs were cut into appropriate
5 mm lengths and then fed into the sample pan with mass in the range of 10.0 to 10.5 mg.
All samples were first dried for 2 hours at 120 °C, before going through the adsorption
process carried out at room temperature (25 °C) for 10 hours with a relative humidity of 60%.
Desorption conducted at room temperature (25 °C) for 10 hours with a relative humidity of
0% was performed following the adsorption process, as illustrated in Figure 3.3. The same
procedure was carried out over a period of 2 months after the plasma treatments, to

investigate the aging of the functionalised surfaces in air.
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Figure 3.3 An example of DVS test procedure.

3.3.8 Tensile test of single fibre

Single fibre tensile strength tests were performed using a universal testing machine
INSTRON with a load cell of 10 N and crosshead speed of 0.2 mm/min. Individual fibres
were separated from fibre bundles carefully and glued each end to a paper frame, with a

gauge of 25.0 = 0.5 mm, as illustrated in Figure 3.4. The paper frame was gripped to the
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testing machine and was then cut into two parts before testing. The testing procedure is in
accordance with ASTM D 3379-75 and at least thirty specimens were tested for each type
of CFs. The fibre tensile strengths 6 were fitted to a Weibull distribution function of the form

of

Pr=1—exp(=(8/80)™) (3-2)

where Pris the failure probability to yield the values of the fibre reference tensile strength o,

and m is the Weibull modulus.

Super glue
Single CF

/
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Figure 3.4 Paper frames with attached single fibre for tensile tests.

3.3.9 Tensile test of fibre bundle

Tensile tests of CF bundles were conducted using a universal testing machine INSTRON
with a load cell of 10 N. To prepare specimens for fibre bundle tensile test, pristine CF
bundles and modified bundles were cut into 300 mm long sections and set in a self-prepared
frame. Both ends of the bundles were sandwiched between two aluminium pieces with the
epoxy adhesive 9323 B/A (3M Scotch-Weld), and then cured at least for 12 h. The working

length of fibre bundles for tensile tests was designed to be 150 mm. Then 70 g weights were
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added to one end of bundles to keep the fibres straight. The image of the self-made frame
with the fibre bundles attached for tensile tests is shown in Figure 3.5. The specimens were
then clamped in the testing machine and tensile tests were carried out at a ramp rate of

2 mm/min. At least 7 specimens were tested for each sample type.

The average tensile stress of fibre bundles is given by the following equation,

Fmax
=" 3-3
8 600072 (3-3)

where Fuax is the maximum load for each test, N; 7 is the radius of the fibre, m; and 60007r?

refers to the cross-sectional area of fibre bundle (6000 fibre filaments).

Fibre
bundles

Figure 3.5 Frame and attached fibre bundles for tensile tests.
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3.4 Evaluation of CF/epoxy interfacial adhesion

3.4.1 Preparation of composite slice and sample support

Pristine and ASP treated CFs were impregnated into the epoxy resin system
(Araldite® LY 556, Aradur® 917 hardener and DY 070 accelerator in a ratio of 100:90:1).
After being degassed in a vacuum desiccator, the CFs/epoxy resin systems were heated at
80 °C for 4 hours (gelation process) and then heated at 140 °C for 8 hours (post-cure) to

form the composites bar, as shown in Figure 3.6 (a).

Thin composite slices, as shown in Figure 3.6 (b), were cut from the produced composite
bars with a thickness of approximately 1 mm. Then the thin slices were glued onto a GATAN
disc grinder for grinding and polishing with a sequence of silicon carbide papers of 1200,
2500, and 4000 grit size, before oxide polishing using a colloidal silica
suspension (Struers OP-S) until the thickness of the composite slices was reduced to ~35 pm.
The surface of the slices was observed using an optical microscope to confirm the damage-
free state following the grinding and polishing procedures. As shown in Figure 3.6 (c), the
fibres of the polished composites slice were observed to be surrounded by the matrix without

interface debonding.

The thinned composite slices were then glued onto the top of a purposely designed metallic
sample support, as shown in Figure 3.7 (a). Parallel narrow grooves with a width of
20 pum (Figure 3.7 (b)) were cut into the surface of the metal support using a femtosecond
pulsed laser beam. These narrow grooves facilitated the push-out of single fibres from the
composite slice, while preventing excessive deformation of the thin specimen slice from

bending.
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Figure 3.6 Images of (a) produced composite bars, (b) composite slices and (¢) surface of

polished thin composites slice.

Figure 3.7 Images of (a) thin composite slices mounted on the metal sample support and

(b) magnified grooves made on the sample support.

3.4.2 Interfacial shear strength (IFSS) test

3.4.2.1 Test set-up

The push-out tests were performed using a NanoTest Vantage system (Micro Materials Ltd,
Figure 3.8) to determine the IFSS between the CF and the matrix. A customised diamond

indenter was used for the push-out tests, and the geometric schematics for this indenter is

60



schematically are illustrated in Figure 3.9. A conical indenter tip with a diameter of 9.3 um
was used for the push-out tests, thus, allowing single fibres, with a diameter of 7 um, to be
pushed out of the matrix by 1.6 um before any contact was made with the adjacent matrix.
The purpose of the conical indenter tip shape was to increase the contact area between the
indenter tip and the fibre cross-section. Therefore, this limited penetration of the tip into the
cross-section of the fibre, when compared with the more frequently used Berkovich indenter
tip, which could exert forces onto the interface and hence lead to an overestimation of
interface bonding. The loading and unloading were carried out at a constant rate of 0.5 mN/s,
with a dwell time of 5 seconds at the maximum load. A 400X optical microscope attached
to the NanoTest system was used to select appropriate individual fibres, with typical fibre-
matrix distribution and no appreciable interface defects or damages, to be pushed out from

the matrix.

The thickness of the composite specimens, at the location of the pushed-out fibre, were
measured using an optical focus depth approach, using the onsite high-resolution optical
microscope. To measure this, the microscope was first focused on the peaks of the sample
support, and then the top surface of the selected fibre. By moving the samples, and focus
point, away from the lens, it was possible to measure the local thickness of the composite
material using the displacement change recorded for the sample stage holder. After
completing the push-out tests, the specimens and the most representative fibres were
observed on both, the top and back surfaces, using SEM imaging (JEOL 7000). Longitudinal
cross-sectional cuts of the pushed-out fibre with the resin aside were performed using a dual-
beam FIB-SEM (FEI Quanta 3D FEG), which made it possible to view the interface between

the carbon fibre and the matrix.
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diip = 9.3 um \

Figure 3.9 Geometry schematics of the conical indenter aligned with a single CF during the

push-out test.

3.4.2.2 Evaluation of interfacial shear strength

The average interfacial shear stress at the fibre/matrix interface was calculated using the

following equation,

- 3-4
v = Tdhn (-4
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where F is the load at the instance when the interfacial sliding occurs; d is the diameter of
the fibre; 4 is the thickness of the sample; mdh is hence the contact area between the single
fibre and the surrounding resin. Individual fibre diameters were measured from the SEM

micrographs for each tested sample.

Although the failure mechanism of the fibre/matrix system is still a matter of debate,
interface crack initiation and propagation are believed to be related to the randomly
distributed defects on the CF surface and/or at the CF/matrix interface. The experimental
work carried out within this study has revealed a certain level of distribution for the measured
critical load. Therefore, the weakest-link theory can be adopted, and the Weibull distribution
was applied in this research to statistically evaluate the probability of IFSS and describe its

scattering. The cumulative probability of failure is given by

Pr = 1— exp(—(t/10)™) (3-5)

where 7is the shear strength; 7 is a Weibull scaling parameter and m is the Weibull modulus.

3.4.3 Nano-indentation creep test

Creep refers to the time-dependent deformation of material at constant stress below the yield
stress of this material. To conduct the creep test with the nano-indentation system, a constant
load was applied to the indenter and the change in indentation depth (displacement) was
monitored as a function of time. Thus, after an individual fibre was identified, it was load-
controlled to different peak loads (6 mN, 8 mN and 10 mN) at a loading rate of 0.5 mN/s.
Following that, the individual fibre was held for 90 seconds with the peak load and then

released. The test was carried out five times under the same conditions at room temperature
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for each peak load and an average creep displacement and creep rate were used in the

statistics. The indentation creep rate was calculated according to the following equation,

dl_do

creep rate =
do

(3-6)

where dp is the indentation depth at the time of reaching the peak load (which is kept
constant), nm; d; is the indentation depth at the end of dwell time of holding the constant

test, nm; and the creep displacement is the difference of displacement (d; - dp).
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3.5 Evaluation of the mechanical properties of composites

3.5.1 Fabrication of CF reinforced composites

Unidirectional CF reinforced composites and woven carbon fabric reinforced composites
were fabricated in this study to evaluate the mechanical properties of bulk composites. The
unidirectional CF prepreg and composite specimens (14 layers of prepreg), as shown in
Figure 3.10 (a) and (b), were produced using filament winding method with a MAW20FB5/1
winding machine. Woven carbon fabric reinforced laminate composite
panels (Figure 3.10 (c)) were fabricated using resin transfer moulding (RTM) technique and
then cut into specimens through water jet CNC machining according to the test requirements.
The degassed resin was transferred into the mould cavity, where 8 piles of woven carbon
fabrics (300 mmx 300 mm) were placed. The detailed fabrication procedures have been
introduced in Section 2.3. All composites samples were cured in a furnace for 4 hours at
80 °C for 4 hours, and then post-cured at 140 °C for 4 hours, before cooling down to the
room temperature. The epoxy resin used for all composite fabrication was the LY556 resin

system from Huntsman.

) .

CF
—Y prepregs

Fabric Laminates

Figure 3.10 Images of (a) unidirectional CF prepregs, (b) unidirectional CF reinforced
composites on winding mandrel and (¢) woven carbon fabric reinforced laminate

composite panels.
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3.5.2 Tensile test

The tensile tests were conducted with the unidirectional CF prepregs with a length of
250 mm and width of 15 mm using a TIR Atest Universal Testing Machine according to the
ISO10618 standard. The ultimate breaking load was recorded with a dynamometer sensor.
Each sample was fixed with grips (Figure 3.11) before the tensile load was applied at a speed
of 40 - 50 mm/min. The tensile test was repeated five times for each type of specimen. The

ultimate tensile strength (ot) was then calculated with the following formula:

oy =F;- (E) (3-7)
p

where F; is the breaking load at rupture, N; 7y is the linear density of dry fibre yarn, kg/m;

and p is the fibre bulk density, kg/m°.

Figure 3.11 Images of unidirectional CF prepregs on the tensile testing machine.

3.5.3 Short beam shear test

The short beam shear test was conducted with both unidirectional CF reinforced composite

and woven carbon fabric reinforced composite specimens with dimensions of 60 x 15 mm
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and 60 mm x 12.7 mm, respectively. The interlaminar shear strength of these samples was
measured using the ASTM 2344 standard protocol. The shear test for each type of
composites was repeated with five specimens and the stress was recorded using an analog
compression force dynamometer sensor (Tiedemann Instruments). During the shear strength
test, the composite specimens were broken into two segments, and the untouched fracture
surfaces were observed under SEM imaging (Jeol 6060). The interlaminar shear strength (oy)

was calculated using the following formula:
os; = 0.75 x (F/(b X h)) (3-8)

where F'is the maximum load observed during the test, N; b is the specimen width, m; and

h is the specimen thickness, m.

3.5.4 Bending test

Three-point and four-point bending tests are widely used for prediction of flexural properties
of the materials. They simulate tensile and compression stresses on the specimens and their
physical response behaviour are monitored. The main difference between three-point and
four-point bending tests are the location of the maximum bending stresses: the maximum
stress occurs directly under the loading anvil in three-point loading, but is spread over the
section of the beam between the loading points in the four-points system. The flexural
strength of the composite specimens was obtained by the three-point bending test, which
was performed by the project partner of National Technical University of Athens according
to the ASTM D790 standard. The dimensions for unidirectional CF composite and woven
carbon fabric composite specimens were 100 mm x 15 mm and 127 mm X 12.7 mm,

respectively. At least five specimens were tested for each kind of composite and the bending
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stress was recorded with an analog compression force dynamometer sensor (Tiedemann

Instruments). The maximum flexural strength (oy) was calculated using formulae:

o = 3FL/2bh* (3-9)

where F is the breaking load, N; L is the support span, m; b is the specimen width, m; and %

is the specimen thickness, m.

3.5.5 Mode I interlaminar fracture test

Mode I interlaminar fracture tests were conducted wusing a universal testing
machine (INSTRON) using a load cell of 500 N, and according to the ASTM D5528
standard. Double cantilever beam (DCB) specimens (width 25 mm and length 200 mm), as
shown in Figure 3.12, were cut from the cured laminates prepared with pristine and ASPNS5
modified woven fabrics. The side edge of each specimen was coated with white correction
fluid to simultaneously facilitate the measurement of the delamination length. A thin
polytetrafluoroethylene (PTFE) film was embedded at the mid-plane to form an initiation
site for the delamination. Two piano hinges were bonded to the delaminated arms of the
DCB specimen to facilitate the opening, then the load was applied to the DCB specimen
perpendicular to the plane. The specimens were loaded and unloaded in two cycles at a
constant crosshead speed of 2 mm/min. The initial loading was stopped after a 3-5 mm pre-
crack was made from the top of the insert film. The specimens were then reloaded until the
desired delamination crack length was achieved (100 mm). Visual initiation value (VIS), at
which the delamination was visually observed to grow, was recorded during the loading

process. 5 specimens were tested for each type of composites.
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According to the Modified Beam Theory (MBT), the critical energy release rate Gic is given

as:

3Fo

Gre = 2b(a + |A))

(3-10)

where F'is the crack initiation load value (VIS point), N; o is the load-displacement at this
point, m; b is the specimen width, m; a is the delamination length, m; and A represents the
rotation correction of DCB arms at delamination front, determined experimentally from the

)1/3

plot of the cube root of the compliance, (¢ /P)"” as a function of delamination length a.

‘Piano hinges’ — (@)

Figure 3.12 Images of (a) DCB specimen with piano hinges and (b) image of crack

propagation during loading of Mode I interlaminar fracture toughness experiment.
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3.5.6 Internal pressure destructive test

3.5.6.1 Propellant tank manufacture

Two propellant tanks were manufactured by research collaborators (YUZHNOYE, Ukraine)
mainly using filament winding technique with 9000-m-long pristine CFs and ASPNS treated
CFs. As shown in Figure 3.13 (a), firstly, the structural shell of the propellant tank was made
by winding the carbon yarns on a metal mandrel. After curing, the metal mandrel was
removed from the structural shell and carbon plastic covers (Figure 3.13 (b)) were glued to
the ends of the structural shell. Then, the propellant tank as shown in Figure 3.13 (c) was
manufactured by winding the fibres yarns (9000-m-long) to the structural shell and cured.
The obtained tanks were quality controlled by thermographic and ultrasound techniques

(Figures 3.13 (d) and (e)).

Figure 3.13 Images of (a) structure shell on the metal mandrel; (b) carbon plastic covers;

(c) propellant tanks; (d) thermographic control and (e) uniformity control by ultrasound.
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3.5.6.2 Test procedure

The internal pressure destructive test procedure is illustrated in Figure 3.14 (c). Prior to the
internal pressure destructive test, 16 strain sensors, as shown in Figures 3.14 (a) and (b),
were attached at different locations (central and ends) on the outside layer of the tank in the
longitudinal and transversal directions in order to measure the deformations during the test.
After hanging the tank on the purpose-made support, the test pressure was continuously and
evenly applied using the air supply station connected a pipe on the top of the tank until the
tank was destroyed. The pressure and strain as a function of time were monitored using

sensors throughout the test.

(b)

© = 000

Air pressurizatior&

H .. .
Air pressurisation Pressure

sensor

Fire test chamber
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Mounting
structural
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Measuring strain sensor
station

Strain sensors in 16
points

Figure 3.14 Images of (a) and (b) strain sensors on the tank outside layer and (c) internal

pressure destructive test scheme.

71



CHAPTER 4 RESULTS AND DISCUSSION

This chapter presents the results of active screen plasma modification of CFs, including
surface morphology, microstructure, surface chemistry, wettability and mechanical
properties, which are reported in Section 4.1 and Section 4.2. Then the investigation of the
interface between the modified CFs and the epoxy resin is reported in Section 4.3. The effect
of active screen plasma modification on CF reinforced composites is finally reported and

interpreted in Section 4.4.

4.1 Morphology, structure and chemistry

The interfacial property of fibre reinforced composites is usually attributed to physical,
chemical and mechanical interactions between the reinforcing fibres and the matrix
resin [161, 162]. For a given resin, the interfacial property is determined by the surface
morphology, the surface microstructure, the surface functional groups, the surface free
energy and the surface wettability by the resin. This section presents the first part of the
surface characteristics, including the surface morphology (Section 4.1.1), the

microstructure (Section 4.1.2-4.1.3) and the surface chemistry (Section 4.1.4).

4.1.1 Surface morphology

The surface morphologies of the pristine and the de-sized CFs observed by SEM are
displayed in Figure 4.1-1. As expected, the surface of the pristine CF presented ridges and
striations parallel to the fibre axial direction owing to the PAN manufacturing process even
it is sized [163]. The de-sized fibre surface was stuck by some gel-like sizing materials after

de-sized with acetone for 24 hours at 45 °C.
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Figure 4.1-1 Surface morphologies of pristine and de-sized CFs observed by SEM.

The surface morphologies of ASP treated CFs are presented in Figure 4.1-2. It can be seen
that after ASPN treatment for two minutes (ASN2), most sizing coating materials on the CFs
were partially removed with some sizing patches remaining on the surface. After ASPN
treatment for five minutes, no sizing patches could be observed under high
magnification (5000X) SEM from the surface of the CFs (see ASPN5). No noticeable further
changes could be clearly seen from the 8-minute ASPN treated CF surfaces (ASPNS) or all

ASPATr treated surfaces.

Further AFM analysis (Figure 4.1-3) of the samples confirmed the above findings. The
surface of the pristine CFs is fully covered by the sizing layer. While deep and wide grooves
were revealed on the surface of ASPNS treated CFs with limited sizing patches remaining.
However, the surface of ASPAr5-10% treated CFs showed dense and well-defined grooves
with only very limited sizing traces. This indicates that the surfaces of the treated fibres are
rougher than that of the pristine CFs and the plasma treatments with both nitrogen and
argon (i.e. ASPAr5-10%) produced a stronger effect on the surface morphology change as

compared with using nitrogen (i.e. ASPNS).

73



X2 500 10um WD 6.0mm NONE S X5,000 Tum WD 5.7mm
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Figure 4.1-2 Surface morphologies of ASP treated CFs observed by SEM.
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ASPNS ASPAr5-10%

Figure 4.1-3 Surface morphologies of pristine, ASPN5 and ASPAr5-10% treated CFs
observed by AFM.

Table 4.1-1 lists the diameters of the pristine and the ASP treated CFs measured from the
SEM images. It can be found that the diameters of the ASPN treated CFs decreased when
increasing the treatment duration from 2 minutes to 8 minutes. The §-minute treatment
produced a 3% decrease in the average diameter than the pristine one. The diameters of the
ASPAr treated CFs with less concentration of argon (ASPAr5-% & ASPAr5-10%) exhibited

similar values to the ASPNS treated ones. While the higher concentration of argon (ASPAr5-
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15%) in the treatment resulted in the minimal decrease in the diameter, implying that the
argon has less impact on the diameter of CFs than the nitrogen. Overall, the diameter changes
of CFs after ASP treatments were not significant, as examined by t texts [164] (Table 4.1-
1). These minor changes are related to the removal of sizing layers and the potential etching

effect from the ASP treatments.

Table 4.1-1 Diameters of the pristine and ASP treated CFs.

Sample code Mean (pum) Deviation P (t test)
Pristine 6.76 0.32 -
ASPN2 6.63 0.33 0.22
ASPNS5 6.62 0.25 0.11
ASPNS 6.55 0.29 0.15
ASPAr5-5% 6.66 0.26 0.16
ASPAr5-10% 6.63 0.28 0.16
ASPAr5-15% 6.73 0.25 0.17

4.1.2 Distortion of CF surface after ASP treatments

Raman spectroscopy is one of the most effective tools to detect the changes in the fibre
surface structure and/or disorder formations following treatments. The recorded Raman
spectra of the pristine and the ASP treated CFs are presented in Figure 4.1-4. As typical
Raman spectrum described elsewhere [12, 165], two broadened bands exhibit on all spectra.
Both bands on the spectra of ASPN treated samples are similar to these bands on the pristine
CF spectrum, but sharper than bands on ASPAr treated samples. These spectra were fitted
by a set of Gaussian functions as exemplified in Figure 4.1-5. In the case of ASPN5 CFs,
two bands were identified on the spectrum in the region of 800-2000 cm™'. The one at around

1400 cm! is D band, which is related to structural disorders on the fibre surface,
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i.e. nitrogen/oxygen functional groups and structure defects [166]. The other at around
1600 cm™ is G band, which is relating to the graphite carbon structure, arising from the
intrinsic bond stretching of sp? carbon atoms [167]. The intensity ratio of the D to G bands

(Ip/Ic) is hence usually used to quantify the disorder degree in carbon materials.
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Figure 4.1-4 Raman spectra of pristine and active screen plasma treated CFs.

All Raman spectra have been peak-fitted with the mixed Gaussian-Lorentzian function as
exemplified by the ASPNS spectrum shown in Figure 4.1-5 and the relative band parameters
are summarised in Table 4.1-2. The average values and standard deviations of the positions
and widths (full width at the half maximum) of the two bands were calculated from 5
measurements at different sites on the fibre surface. For the ASPN treated CFs, in general,
the position of D band shifted to a higher wavenumber and the width of D band increased

with increasing the treatment time. The position and width values for 2-minute treated
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samples (ASPN2) are almost identical to that of pristine CFs. This is mainly because the
surface of the CFs has not been fully cleaned within the first two minutes, which is supported
by the surface morphologies of ASPN2 shown in Figure 4.1-2. It can be also found from
Table 4.1-2 that for longer time treated samples (ASPNS & ASPNS), the D band shifted to a
higher wavenumber and the D band width reduced with the treatment time. However, the
position of the G band of short time treated ASPN2 CFs shifted to a slightly lower
wavenumber. The intensity ratios (/p/Ig) for ASPNS and ASPNS treated CFs were slightly
increased or the same respectively relative to that of the pristine CFs. However, the In/I
ratio of the short-time ASPN treated ASPN2 CFs was reduced to 1.002 from 1.014 for the
pristine CFs. When argon was introduced into the ASPN treatments, both D and G bands
shifted slightly to the lower wavenumbers. For example, D and G bands shifted from
1394.6 cm™ and 1595.5 cm™ in the spectrum of ASPN5 CFs to 1389.5 cm™ and 1594.2 cm™!
respectively with 5% argon introduced (ASPAr5-5%). Meanwhile, the widths of D and G
bands decreased for the ASPAr treated CFs except for G band width for ASPAr5-10% treated
CFs. However, no clear trend could be identified for the effect of argon concentration on the
position and width of treated CFs. All the /p/Ic values for the ASPAr treated fibres were

smaller than that of the pristine CFs and followed a decreasing trend with the Ar percentages.
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Figure 4.1-5 Peak fitting for Raman spectrum of ASPNS5 treated CFs under Gaussian-

Lorentzian function for D and G bands.

Table 4.1-2 Positions and widths of the D and G bands and the corresponding /p//c ratio
(standard deviations given in brackets).

D band G band
Sample code Position Width Position Width I/l
[cm™'] [cm™'] [em™] [em™]
Pristine 13929  289.7 15952 105.3 1.014
059  (2.21) 020)  (0.39) (0.0179)
ASPN2 13925 2893 1595.0  104.7 1.002
0.79)  (1.73) 029)  (0.46) (0.0002)
ASPN5 13946 296.7 15955  104.8 1.018
(3.06)  (3.68) (170)  (0.84) (0.01273)
ASPNS 1395.0  295.1 1595.6  103.7 1.014
(1.04)  (3.92) 0.64)  (0.78) (0.0068)
ASPA5-5% 1389.5  285.5 15942 104.7 1.009
0.88)  (1.30) 0.80)  (0.47) (0.0149)
ASPAT5-10% 13929 2893 15946 105.6 1.005
0.96)  (3.62) 033)  (0.94) (0.0135)
ASPAT5-15% 13903 293.5 15945 1042 1.004
(149)  (2.12) 0.08)  (0.08) (0.0078)
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4.1.3 Change of CF turbostratic structure by ASP treatments

XRD diffraction patterns of ASP treated CFs, compared with that for pristine CFs are shown
in Figure 4.1-6 (a). It can be seen that the (002), (100) and (101) peaks are revealed on the

patterns of all types of CFs (Reference code: 00-041-1487).

The peak (002), which reflects the pseudo-graphitic structure of CFs, is very broad and
shows an appreciate asymmetry on both pristine and treated CFs, indicating the presence of
a certain amount of disorder in their structure (turbostratic structure). The peak (100) shown
on pristine CFs faded away and overlapped with peak (101) on the XRD patterns of treated
CFs, except for the 2-minutes treatment (ASPN2). Specifically, for ASPN treatments, these
peaks for 2-minutes treated CFs were similar to that of the pristine CFs in terms of shape
and position. When the treatment duration was increased to 5 minutes, the intensity of peak
(002) decreased and the peak (100) faded away. Further increasing the treatment time to

8 minutes led to the right-shift and intensity increase of both peaks (002) and (101).

There is no significant variation of the XRD patterns among the ASPAr treated CFs and the
XRD patterns of them are similar to that of ASPNS treated CFs. Peaks (103), (110) and (112)
at around 64.8 °, 77.2 ° and 83.2 ° respectively, as shown in Figure 4.1-6 (b), became shaper
after ASP treatments, especially in the case of ASPNS. This phenomenon again implies that
a certain amount of disorder was created by ASP treatments and more disorder was found

following the longer treatment time.
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Figure 4.1-6 XRD patterns of (a) pristine and ASP treated CFs and (b) XRD patterns at
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The parameters (band width at half peak maximum) of the (002) and (10) peaks were used
to calculate the crystal size parameter Lc (crystallite height) and La (crystallite width), and

the results are listed in Table 4.1-3, together with the peak position and width.

Table 4.1-3 XRD structure parameters (standard deviations given in brackets).

Peak (002) Peak (10)

Sample code Width  Lc 20 Width  La La/Le
[degree] [nm] [nm] [degree] [nm] [nm]

Pristine 24.60 6.09 1.32 43.98 4.44 3.95 2.99
(£0.011) (£0.027) (£0.054) (£0.131)

ASPN2 24.58 6.27 1.28 44.17 4.98 3.52 2.75
(£0.004) (£0.010) (£0.012) (£0.033)

ASPN5 24.72 5.83 1.38 44.19 3.01 5.82 4.21
(£0.017) (£0.042) (£0.024) (£0.058)

ASPNS 25.01 5.47 1.47 44.54 2.78 6.31 4.29
(£0.014) (£0.034) (£0.014) (£0.036)

ASPAr5-5%  24.63 5.99 1.34 44.10 391 4.48 3.34
(£0.011) (£0.022) (£0.024) (£0.077)

ASPAr5-10% 24.65 6.02 1.34 44.12 3.98 4.41 3.29
(£0.010) (£0.024) (£0.027) (£0.065)

ASPAr5-15% 24.47 6.03 1.33 44.01 3.99 4.39 3.30
(£0.008) (£0.020) (£0.030) (£0.073)

It can be seen that for the longer treatments (ASPNS, ASPN8 & ASPAr), the peak width
values for peak (002) decreased; the fading away of the peak (100) caused by these
treatments made the width values of peak (10) much smaller than that of the pristine CFs;
both crystallite height Lc and width La increased and more growth occurred in crystallite
width La. For example, the increase of La is more than 30 and 23 times of that of Lc for the
ASPNS5 and ASPAr5-10% treated CFs respectively. The ratio of La/Lc increased as well,

indicating that distorted microstructures with significantly increased crystallite size were
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formed on the CF surface after the activation process and that more distortion happened
along the basal planes for treated CFs. Another observation from Table 4.1-3 is that the
addition of argon increased the crystallite width values for both (002) and (10) peaks,
reduced the Lc, La values and the La/Lc ratio when comparing the ASPNS5 and ASPAr5-5%
treated CFs. However, further increasing the concentration of argon in the ASPAr treatments

(ASPATr5-10% & ASPAr5-10%) did not change these values significantly.

4.1.4 Surface chemistry

The surface chemistry of pristine and ASP treated CFs was examined by XPS and the typical
survey spectra in the binding energy ranging 0-1200 eV are shown in Figure 4.1-7. The main
resonance peaks are labelled C 1s, N 1s and O 1s. The peaks observed in higher binding

energy were attributed to Auger effect.

The quantified analysis in terms of the atomic content is summarised in Table 4.1-4,
revealing a slight increase in the carbon content after both ASPN and ASPAr treatments.
The nitrogen and the oxygen contents of the pristine CFs were attributed to the sizing layers,
which can be largely removed by 5 minutes ASP treatments as illustrated in Section 4.1.1.
Thus, the increased nitrogen content of ASPN5S CFs would be associated with the
introduction of the N atoms by ASPNS5 treatments. This is supported by the fact that less
nitrogen content can be detected on the ASPAr5-10% CFs, because the nitrogen/hydrogen
was partially replaced by argon during the ASPAr5-10% treatments. The oxygen content on
the surface of both ASPN 5 and ASPAr5-10% treated CFs were from the remaining sizing
on the surface of CFs and the oxidation of free radicals on the treated CF surfaces when
exposed to air after the treatments. In the XPS investigation, the changes of O/C and N/C

atomic ratios suggest the surface activity of CF. As revealed in Table 4.1-4, the N/C ratio
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derived from the XPS data shows a significant increase after the ASPNS treatment, implying
that nitrogen-functionalised groups were introduced during the treatment. However, the N/C
ratio of the ASPAr5-10% CF and the O/C ratios of ASP treated CFs were a little lower than

that of pristine CF.
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Figure 4.1-7 XPS surface survey spectra of pristine, ASPN5 and ASPAr 5-10% treated
CFs.

Table 4.1-4 XPS chemical quantification of pristine and ASP treated CFs.

Sample code  C 1s (%) N 1s (%) O 1s (%) N/C (%) 0O/C (%)

Pristine 81.1 14 17.5 1.7 21.6
ASPNS5 81.4 3.7 14.9 4.5 18.3
ASPAr5-10% 82.4 0.9 16.7 1.1 20.3

The high-resolution spectra corresponding to the C 1s, N 1s and O 1s regions of the pristine,

ASPNS5 and ASPAr5-10% CFs are depicted in Figures 4.1-8, 4.1-9 and 4.1-10, respectively.
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From Figure 4.1-8, the C 1s signal of the pristine CFs presented a tailing toward high binding
energy, which became less distinct after the plasma treatments. This could be partially
attributed to the chemical shift of photoelectron peaks associated with functionalised carbons
and partially to the sizing layer on the pristine fibre surface. Carbon atoms differ in their
binding energies because of their connection with different atoms (oxygen, hydrogen or
nitrogen) by different covalent bonding (a single bond or a double bond). Thus, the C 1s
region was de-convoluted into two functional groups C-C and C-O with binding energies at
about 284.5 and 286.2 eV respectively. The intensity of peak assigned to the latter functional
group of the treated CFs was lower than that of the pristine CFs, especially in the case of the

ASPNS5 treated CFs.

The O 1s XPS spectrum of pristine CF, shown in Figure 4.1-9, presented one sharp peak,
which became wider after the ASP treatments. This can be attributed to the two functional
groups of C-O and -OH with binding energies at about 531.1 and about 531.5 eV,
respectively. The peak intensity of fibres varied with different treatments. For the ASP
treated CFs with the addition of 10% argon, the intensity of peak assigned to C-O group

increased while -OH group decreased.

The most noticeable change in the spectra is observed in the N 1s region, where the intensity
of the signal increased after both the ASPNS and the ASPAr5-10% treatments, and the shape
of the peaks changed significantly. These changes should be attributed to the introduction of
N-containing groups by ASP treatments. As shown in Figures 4.1-10 (b) and (c), pyrrolic N
and oxidised N groups are exhibited on both ASPNS5 and ASPAr5-10% treated fibre surfaces
with the corresponding binding energies at around 400.1 and 401.8-402.8 eV. Pyridinic N
with binding energy at 398.6 eV can be only found on the surfaces of ASPAr5-10% treated

CFs.
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Figure 4.1-8 High-resolution XPS spectra deconvolution into surface functional groups for

C Is peaks area.
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Figure 4.1-9 High-resolution XPS spectra deconvolution into surface functional groups for

O 1s peaks area.
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4.2 Mechanical property and surface hydrophilicity

This section reports the surface wettability of CFs before and after ASP treatments by
measuring their contact angles with epoxy resin (Section 4.2.1) and measuring their water
adsorptions (Section 4.2.2). This section also presents the results of tensile strength for single

fibres and fibre bundles before and after ASP treatments (Section 4.2.3).

4.2.1 Surface wettability and durability

As described in Section 3.3.6, the contact angle measurements were conducted on the
pristine and ASP treated CFs with resin micro-droplets. The images of resin micro-droplets
on single fibres treated by different conditions and the measured contact angles are shown
in Figure 4.2-1. As can be seen clearly, all ASP treatments have resulted in decreased contact
angles when compared to the pristine CFs, indicating increased wetting properties by all
ASP treatments. For the ASPN treatments, the 2-minutes treatment produced the most
hydrophilic surfaces with a contact angle of 57.4 © (ASPN2). The contact angle increased to
59.7 © and 60.1 ° when the treatment duration was prolonged to 5 (ASPNS5) and 8 minutes
(ASPNBR), respectively. When nitrogen-hydrogen in the treatments was partially replaced by
argon with the percentages of 5%, 10% and 15% (ASPAr), the contact angles changed from
59.7 ° (ASPNS) to 58.4 ° (ASPAr5-5%), 60.0 ° (ASPAr5-10%) and 58.8 ° (ASPAr5-15%).
No obvious trend can be found regarding the relationship between the contact angles and the

concentration of argon used in the treatments.

Also, the representative images of resin micro-droplets in Figure 4.2-2 revealed the evolution
of contact angle of ASPNS5 treated CFs over time. It can be seen that the contact angle of
ASPNS treated CFs increased from 59.7 © to 62.5 © after exposure in air for 10 days. Same

tests were conducted for all treated CFs and their changes over time are illustrated in
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Figure 4.2-3 and Table 4.2-1. Obviously, such evolution can be found in all types of ASP
treated CFs, but more changes are observed on the CFs treated with argon
addition (i.e., ASPAr). For example, the degradation rate on contact angle over 10 days
increased from 4.76% (ASPNS5) to 5.04% when 10% argon was added to the
treatment (ASPAr 5-10%). This is an indication that the ASP treated CFs presented a
hydrophobic recovery over time when the treated surface was exposed to air for 10 days and

the introduction of argon in the treatments promoted the hydrophobic recovery.
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" A
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Figure 4.2-1 Optical microscope images of the resin droplets on single fibres for pristine

and ASP modified CFs with average contact angles.
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Another observation from the Table 4.2-1 is that the ASPNS treated CFs experienced the
least degradation during the 10 days, which could be related to the increased amount of

functional groups introduced by longer active screen plasma treatment (8 minutes).

It is important to mention that the micro-droplets radius exhibits quite large standard
deviations and the measurements were conducted both on large and small micro-droplets.
However, for a given CFs, the contact angle of each measurement was almost constant, and

the difference was within the experimental error.

Pristine

” N

N o

Figure 4.2-2 Evolution of the contact angle of ASPNS treated CFs. The samples were

subsequently aged in air for 10 days.
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Figure 4.2-3 Contact angles for the pristine and ASP modified CFs on day 1 and day 10.

91



Table 4.2-1 Degradation rates on contact angle of different ASP treatments after 10 days.

Sample code

Degradation rate (%)

ASPN2
ASPN5
ASPNS
ASPAr5-5%
ASPAr5-10%
ASPAr5-15%

0.62
4.76
3.62
4.53
5.04
4.16

4.2.2 Surface water-sorption behaviour

The affinity of CFs to water following ASP treatments was investigated by the dynamic

vapour sorption (DVS) technique. Figure 4.2-4 shows the images of CFs taken before

feeding into the sample pan for DVS testing and after testing (adsorption and desorption

processes). No obvious damage or change was observed.

a) Before testing

b) After testing

Figure 4.2-4 Images of CFs (a) before testing and (b) after testing.

Figure 4.2-5 shows the measured water-uptake variation with time at the relative humidity

of 60% and 0% for the pristine and ASP treated CFs, manifesting the adsorption process and
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desorption process. It can be seen that the actual relative humidity for the adsorption and
desorption processes is very stable and slightly higher than the pre-set humidity values of

60% and 0%.

The water sorption process is mainly dominated by the water-functional groups
(chemisorption) and the water-water interactions (physisorption) [168]. That is, water
clusters are initially formed via hydrogen bonding on the functional groups, which act as
nucleating sites for water molecules to adsorb, followed by water cluster growth, filling
micro-pores and coalescence. Thus, the adsorption branches of all CFs show a steep increase
with increasing of the relative pressure at the beginning and then reach plateaus (adsorption
isotherm), implying that all the chemisorption sites were occupied by water molecules and
all the micro-pores and/or striations on the fibre surfaces were filled by water through
capillary condensation. Then, as the relative humidity dropped to 0%, the water condensate
became unstable and desorbed by means of molecular evaporation, leaving only water
molecules that were bonded directly to the chemisorption sites. Thus, the water uptake
decreased immediately at the beginning of the desorption process for all types of CFs and

then reached the other plateaus, which were desorption isotherms.

As can be seen from Figure 4.2-5, all the treated CFs showed a higher water uptake
throughout the whole process and a longer evaporation period at the beginning of the
desorption process when compared to the pristine CFs. This is an indication that the ASP
treatments increased the hydrophilicity of the CF surface, with the ASPAr5-10% treatment
being the most effective in enhancing the hydrophilicity of CFs. However, comparing to the
pristine and ASPAr5-5% treated CFs, the ASPN5 and ASPAr5-10% treated fibres took

longer time to reach the adsorption isotherm, showing uphill on the curve of the adsorption
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part. This different behaviour on water adsorption of treated carbon fibres is associated with

the surface morphology and surface reactivity.
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Figure 4.2-5 Dynamic vapour adsorption and desorption of pristine and ASP treated CFs

within 20 hours at room temperature (25°C).

The curves in Figure 4.2-6 were obtained 60 days after the ASP treatments (exposure in air).
It can be seen that the ASP treated CFs still exhibited improved hydrophilicity as compared
with the pristine CFs. In the case of ASPNS5 CFs, its adsorption isotherm plateau seems to
almost overlap with that of the pristine CFs. But the plateau of desorption isotherm remains
higher than that of pristine CFs, implying that a certain amount of water was chemisorbed
to the ASPNS treated CFs. The random fluctuations on the sorption curve of ASPAr5-5%
CFs are likely a result of variation of temperature or floor vibrations. The improved
hydrophilicity of ASP treated CF surface (freshly treated and aged) could be attributed to

the introduced functional groups and their surrounding carbon atoms, whose affinity toward
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water was increased because of the polarisation effects of introduced nitrogen (nitrogen and
oxygen have stronger electron negativity than carbon). The more hydrophilic surfaces

resulted in a larger absorptive capacity for water in ASP treated samples than in pristine CFs.
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Figure 4.2-6 Dynamic vapour adsorption and desorption of aged pristine and ASP treated
CFs (after 60 days) within 20 hours at room temperature (25°C).

Further quantitative analysis of the DVS data has been conducted based on the following
calculation and the results are summarised in Table 4.2-2. The average water content (%) is
defined based on the dry mass of the CFs as follows:

Myg/ae — Mg

v (1)

Average water content =

where M,q is average mass during adsorption process, mg; My, is average mass during

desorption process, mg; and My is the dry weight after the preheat process, mg.
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The chemisorption (%), which is the percentage of water molecules bonded directly with the
functional groups, and the physisorption (%), i.e., the percentage of water molecules
absorbed through the water-water interaction and evaporated after the desorption process,

can be calculated as follows [169]:

M
Chemisorption = de (4-2)
Mg
Myqg —M
Physisorption = —ad___de (4-3)
Mgy

From Table 4.2-2, it can be seen that the average water content for the adsorption process
increased from 3.06 % for pristine CFs to 3.74 % for ASPNS, 3.82 % for ASPAr5-5% and
4.46 % for ASPAr5-10% CFs. After desorption process, the average water content dropped
to 2.79 %, 3.57 %, 3.36 % and 4.38 % for pristine, ASPN5 ASPAr5-5% and ASPAr5-10%
CFs, respectively. Clearly, the ASP treated CFs exhibited greater water content and
chemisorption of water molecules, which indicates that more water molecules were adsorbed
on the ASP treated CF surface than on the pristine CF surface. The addition of 10% argon
in the ASP treatments produced the highest chemisorption of water. On the contrary, the
physisorption of water decreased after all these ASP treatments. This is believed to be
associated with the sizing layers on the pristine CFs and the change of surface morphology
caused by the mild chemical etching of hydrogen (Figure 4.1-2). The water-sorption
behaviour of the aged ASP treated CFs (60 days) shown in Table 4.2-2 demonstrates that the
aged ASP treated CFs still exhibited better water-sorption properties than the pristine CFs
but worse than the freshly ASP treated CFs, indicating that the introduced functional groups

underwent an aging process after exposure in the air for 60 days.
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Table 4.2-2 Summary of DVS tests for freshly treated and aged pristine, ASP treated CFs.

‘ Average water content (%) Chemi-  Physi-
Sample code l‘qut Dry weight, sorption  sorption
tine  Maq(mg) Adsorption  Desorption %) %)
Pristine 9.98 +£0.00 3.06+0.02 2.79+£0.02 2.79 0.27
ASPNS5 1 9.75+£0.00 3.74+£0.04 3.57+0.04 3.57 0.17
ASPAr5-5% day  9.77+0.00 3.82+0.02 3.58+0.03 3.36 0.22
ASPAr5-10% 10.02+0.00 4.46+0.08 438+0.02 4.38 0.17
ASPNS5 9.87+£0.00 3.07+0.02 2.93+£0.04 2093 0.14
ASPATr5-5% 0 9.80+0.00 3.11£0.09 294+£0.07 294 0.16
ASPATr5-10% days 10.02+0.00 3.37+0.03 3.23+0.04 3.14 0.14
m25°C m60°C
15
12

9
3
o | B

Average water content (%)

Pristine ASPNS5 ASPAr5-10%
m25°C 3.06 3.74 4.46
m 60 °C 4.24 12.20 8.98

Figure 4.2-7 Average moisture absorption content of pristine, ASPN5 and ASPAr5-10%
treated CFs at 25 °C and 60 °C.

The average water adsorbed contents at 60 °C were collected for the pristine, ASPN5 and
ASPAr5-10% CFs as well. As can be seen obviously from Figure 4.2-7, the average absorbed
water content increased from 3.06%, 3.74% and 4.46% to 4.34%, to 12.20 % and 8.98 % for

pristine, ASPN5 and ASPAr5-10% treated CFs respectively when the adsorption
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temperature was raised from 25 °C to 60 °C. The ASPNS treatment produced the greatest

increase in absorbed water content as temperature increased.

4.2.3 Tensile strength

Weibull distribution is often used as a good representation of fibre strength distribution and
can be applied to estimate the tensile properties. Weibull plots for pristine and ASP treated
CFs in this research were fitted using a two-dimensional Weibull statistical method. The
Weibull cumulative probability of failure for each fibre strength value was plotted as a
function of the logarithm of fibre strength in order to produce the Weibull plot. Such Weibull
plots and the fitted straight lines for the tensile tested single fibres in this work are presented
in Figure 4.2-8 and the results of the Weibull statistical analysis for all samples are
summarised in Table 4.2-3. It can be seen that the Weibull plots are almost linear, and all
the fitting coefficient values R? are all over 92%, signifying that the tensile strength of all
CFs followed a Weibull distribution. The shape parameter m (or Weibull modulus) indicates
the slope of the fitted lines and denotes the scattering of the single fibre tensile strength. AS
shown in Table 4.2-3, the values of the m decreased after all ASPN treatments, in which
ASPNS8 CFs showed the greatest reduction. For the ASPAr treated CFs, the m values were
increased when comparing to that of the pristine sample except for the ASPAr5-10% treated

samples, whose m value is close to that of the pristine CFs.

The tensile strength of the ASPN treated CFs increased before the treatments were prolonged
to 8 minutes. This could be attributed to the change of the surface turbostratic structure and
the increased crystalline components. While prolonged plasma exposure could introduce

surface defects thus leading to a lower tensile strength (i.e., ASPNS).
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The tensile strength of all ASPAr treated CFs increased compared to the pristine CFs.
Experiment with 5% of argon (ASPAr5-5%) in gas mixture produced the most promising
increase in tensile strength. Further increase in the argon percentage did not increase the
strength further. It is also clear that the tensile strength of the ASPAr treated CFs is higher
than that of ASPN treated ones. This should be attributed to the addition of argon to the gas

mixture.

The single fibre tensile strength test and Weibull distribution were applied to the de-sized
single CFs as well. As we can see from Table 4.2-3, the shape parameter m of the de-sized
CFs was almost the same as that of the pristine CFs. While the tensile strength of the de-
sized single fibres decreased significantly, which could be attributed to the fibre damage

introduced by the de-sizing procedure.

Table 4.2-3 Summary of results from the Weibull analysis of single fibre tensile tests.

Sample code Intercept Slope/m 60 (GPa) R?

Pristine -29.70 + 1.85 3.81+0.24 2.41 0.92
De-sized CFs -28.04 £ 1.78 3.81+£0.25 1.57 0.94
ASPN2 -23.64 £ 0.84 2.98+0.11 2.81 0.97
ASPN5 -26.27 £ 1.06 3.35+0.14 2.56 0.96
ASPNS -20.85 +0.58 2.73 £0.08 2.07 0.98
ASPAr5-5% -40.93 £2.25 5.06 +£0.28 3.27 0.94
ASPAr5-10% -30.33 +1.31 3.79+0.17 3.00 0.96
ASPA15-15% -31.34+£1.94 3.94+0.25 2.83 0.92

Tensile tests were conducted on the CF bundles of selected treatments to further examine
the influence of ASP treatments on a larger scale. The maximum load and the average tensile

strength of CF bundles are presented in Table 4.2-4. It can be seen that the maximum load
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for tensile tests of fibre bundles increased from 350.99 N for the pristine CFs to 358.19 N
and 373.97 N for the ASPN5 and ASPAr5-5% treated fibre bundles, respectively. The
average tensile strengths for fibre bundles are 1.62 GPa (pristine), 1.73 GPa (ASPN5) and
1.81 GPa (ASPAr5-5%), increasing 6.4% and 10.8% after ASPNS and ASPAr5-5%
treatments respectively. It is clear that the tensile strength results of the fibre bundle are

consistent with the results of the single fibre tensile strength.

Table 4.2-4 Tensile strength of CF bundles.

Sample code Maximum Load (N) Tensile strength (GPa)
Pristine CF bundle 351 +£25 1.62+0.12
ASPNS5 CF bundle 358+ 19 1.73 £0.09
ASPAT5-5% CF bundle 374+ 19 1.81+0.09
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Figure 4.2-8 Weibull plots and linear fits for all groups of CFs.
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4.3 Evaluation of CF/epoxy interfacial adhesion

As discussed in Chapter 2, the interfacial adhesion of CF reinforced composites can be
evaluated by direct examination of interfacial shear strength (IFSS) of an individual fibre
using micro-bond test, single fibre pull-out test, single fibre push-out test and single fibre
fragmentation test [120]. However, except for the single fibre push-out test, all other tests
are only applicable to model composites containing a single fibre. Hence it is difficult, if not
impossible, to relate the measured IFSS from the model composites to the real performance
of industrially manufactured composites. Therefore, nano-indentation enabled single fibre
push-out testing method has further improved and used in this research to investigate and
evaluate the interfacial adhesion between the single CF and the epoxy substrate. The
optimisation of the push-out test and the interpretation of the experimental curves are
presented in Section 4.3.1 and Section 4.3.2 respectively, which is followed by its
application in evaluating the interfacial shear stress of composites made with pristine and
active screen plasma treated CFs (Section 4.3.3 & Section 4.3.4). The creep behaviour of the

composite is reported in Section 4.3.5.

4.3.1 Optimisation of nano-indentation enabled push-out testing

An image of the push-out tested area (0.2 mm x 0.15 mm) is shown in Figure 4.3-1. It can
be seen that the tested fibres in this area penetrated into the surrounding matrix (marked by
circles and squares) and the tested resin showed clear indentation imprints (marked by
triangles). By correlating the shape of the loading-unloading curves of these nano-
indentation push-out tests to the corresponding SEM images taken, three types of typical

curves can be identified with the positions of the indents illustrated in Figure 4.3-2.
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It can be found that the curve type (a) generated from a well-aligned indenter on the centre
of the fibre’s cross-section, shows a clear load plateau on the load-displacement curve at
about 21 mN. Curve type (b) generated from an off-centred indent on both CF and resin, that
the slope of its load-displacement curve decreases after about 20 mN but no distinct load
plateau is formed throughout the test. The type curve (c) was produced when the indentation
was carried out on the resin, thus resulting in a large imprint because of the deformation of
the resin. Thus, the slope of type (c) curve maintained until the load was reached the pre-set

maximum load.

From the corresponding SEM images shown below the curves, it can be seen that both the
type (a) and type (b) tests are capable of pushing the fibres into the matrix. However,
comparing to the even push along the centre of the CF in the type (a) test, the off-centred
push-in type (b) test tilted CF toward one side of the matrix, leading to the resin deformation
as revealed by the SEM image in Figure 4.3-2 (b) and a continued increase of load as shown
in the type (b) curve. Generally, no imprint of the conical indenter was traced on the top
surface of the pushed-out fibres by type (a) and type (b) tests. However, when the fibre was
pushed straight to the bottom of the supporter groove, an imprint in the centre of the fibre
was formed due to the plastic deformation of the CF, together with the plastic deformation

of the surrounding matrix, as shown in Figure 4.3-3.
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Figure 4.3-1 SEM observation of Nano-indentation tests on fibres and resin.
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Figure 4.3-2 Typical loading-unloading curves (above) recorded from push-out tests and the

corresponding SEM images of the indents positions (below).
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Figure 4.3-3 SEM image of pushed-out fibre with conical indenter imprint in its centre of top

surfaces.
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The back side of the tested CFs was observed by SEM and some typical micrographs are
presented in Figure 4.3-4 (b), accompanied by the top side of the corresponding
CFs (Figure 4.3-4 (a)). It can be seen clearly from both the back and the top sides that the tested
CFs have been pushed out successfully. The pushed-out fibres are presented in a row in

Figure 4.3-4 because of the geometry of the grooves on the sample support.

a) Top view of pushed-out CFs

=

200kY  X1,000 10zm WD 9.7mm

b) Back view of pushed-out CFs

SEI 200kyY  X1,000 10um WD 9.7mm

Figure 4.3-4 SEM observation of the push-out tested composite specimen from a) top view

and b) back view of the pushed-out CFs.
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In order to investigate the CF/resin interface, the longitudinal cross-section of a pushed-out
CF (Figure 4.3-5 (a)) was cut out by Focused lon Beam milling after in situ Pt
deposition (Figure 4.3-5 (b)) on the top of fibre to protect the fibre from damage during ion
milling. After a high ion current milling through the deposition to the fibre and a low current
cleaning, the desired longitudinal cross-section of pushed-out fibre was successfully produced
as shown in Figure 4.3-5 (c). From the longitudinal cross-sectional view, the longitudinal
interface can be identified and the push out of the fibre is confirmed, as evidenced by a ~2 um
push-out step clearly shown between the matrix and the CF on the back side. Also, plastic
deformation at the adjacent matrix can be clearly seen on the top side as the dashed line shown
in Figure 4.3-5 (c). Clear de-bonding and cracking can be also observed at the CF/matrix

interfaces near the top surface of the CF (Sites A) and near the exit site of the matrix (Site B).
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Figure 4.3-5 Sequence of cross-section preparation by Focused Ion Beam technique and the

cross-sectional view of a pushed-out CF disc.
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4.3.2 Interpretation of load-displacement curves

From the above analysis, it can be found that the nano-indentation push-out test requires precise
positioning and alignment of the indenter with the CF sample during the experiment. A typical
load-displacement curve (type (a)) combined with the schematics of the test are shown in
Figure 4.3-6, illustrating various stages of the push-out test. At the beginning of the initial linear
part of the load-displacement curve (Point A), the conical indenter comes into contact with the
top surface of the CF. As the applied load increases (Points A to B), the indenter displacement
increases to about 1.2 um due to the elastic deformation of the fibre/matrix system and the

plastic deformation of the fibre.

The following part of the curve (Points B to C) becomes less steep, which can be attributed to
the decreased elastic modulus of the fibre/matrix system. Cracks could be initiated at the top of
the specimen and are about to propagate along the CF/matrix interface. This stage is described
as push-in by some researchers since a shallow step between the CF and the matrix could be
observed during this stage [97]. The shear stress at the CF/matrix interface increases with
further increasing the applied load. When the load reaches the critical value P at point C, the
elastic modulus of the CF/matrix system crashes, resulting in stress instability, and bringing a
sudden increase in the displacement of the indenter tip as evidenced by a plateau (Points C to
D) in the load-displacement curve. The cracks between the CF and the matrix reach the bottom
side of the specimen, resulting in a completely de-bonding between the fibre and the
surrounding matrix. Then, the fibre is rapidly pushed out into the groove by the critical load P.
The indenter tip solely contacts with the fibre by far and the displacement of the tip is about

2.7 pm at the end of this stage (Point D).
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Further movement of the indenter tip leads to a rapid load increase as shown in the load-
displacement curve (Points D to E) because the indenter tip starts to touch the adjacent matrix
material. During this stage, the single fibre moves together with the adjacent matrix without the
frictional sliding between them. After reaching the maximum load, unloading starts and finally
the load is reduced to zero. The final displacement of the indenter tip is around 1.8 um, which
exceeds the theoretical maximum displacement (1.6 um) of this indenter tip. This can be
attributed to the plastic deformation of the fibre/matrix system and the contact stiffness between

the indenter and the specimen slice.

A—» B Indenter contacts CF

B—C Crack propagation
C—»D Push-out
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Load (mN)
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Displacement (nm)

Figure 4.3-6 Schematic diagram and typical load-displacement curve of a push-out test.
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4.3.3 Load-displacement curves and post-test observations

Figure 4.3-7 shows the force-displacement curves from the push-out tests for the composites
made with pristine, ASPN5 and ASPAr5-10% CFs, accompanied by detailed micrographs
(Figure 4.3-8) showing typical views of the pushed-put fibres from top and bottom sides of the

samples.

From the load-displacement curves in Figure 4.3-7, the critical load and the maximum
displacement of each test can be identified. The differences in the shape of the curves are due
to the actual local condition of the composite sheets on the sample supporter and the thickness
of the composite samples. For instance, the bending of the composite sheet is responsible for
gentle slopes of the initial part of the curves in some tests of the pristine and ASPNS5 samples
shown in Figures 4.3-7 (a) and (b). The local thickness of the composite sheet is the main reason
for the differences in the displacement of the curves for each type of composite sample, as

clearly displayed in Figure 4.3-7 (c).

Nevertheless, the critical load revealed from these tests, which dictates the interfacial shear
strength, 1s independent of these different features of the load-displacement curves. However,
it should be pointed out that the thickness difference of the composite sheets (made with pristine
and ASP modified CFs) must be taken into consideration when comparing the maximum
displacement or the critical load from the curves for different fibres reinforced composites, with
the average sample thicknesses of 39.1 um, 31.2 um and 36.4 pum for the pristine, ASPNS5 and

ASPATr5-10% composites, respectively.
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Figure 4.3-7 Experimental load-displacement curves of pushed-out CFs taken from
composites made with a) pristine CFs (h =39.1 um), b) ASPNS5 CFs (h=31.2 um) and c)
ASPA1r5-10% CFs (h =36.4 um).

From the morphologies of the pushed-out fibres, it can be seen that without any treatment, as
shown in Figure 4.3-8 (a), the cylindrical surface of the pushed-out pristine fibre is clean with
no appreciable evidence of fibre damage or attached matrix material. The adjacent matrix seems
very smooth without plastic extrusion induced flanging, implying that only elastic deformation

may have occurred for the matrix during the push-out test.

By contrast, Figures 4.3-8 (b) and (c) clearly show matrix material attached to the surface of
pushed-out ASP treated CFs. Adjacent matrix tearing can also be observed on the top side and
in some cases, the matrix was protruded together with the fibre on the back side, implying that
the local failure may have occurred in the adjacent matrix rather than at the interface. These

observations indicate that the ASP treated CFs have a strong interfacial adhesion with the epoxy
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resin in the composites and the bonding between the ASP treated CFs and the matrix is higher

than the strength of the matrix materials.

SEI 150KV X8,000 Tum WD 9.6mm
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Figure 4.3-8 Post observations of pushed-out CFs taken from composites made with a)

pristine CFs, b) ASPNS5 CFs and ¢) ASPAr5-10% CFs.

4.3.4 Interfacial shear strength (IFSS)

Based on the critical loads identified from the load-displacement curves recorded during push-
out tests, the average IFSS was calculated according to Equation (3-4) in Section 3.4.3.2 and
the results are summarised in Table 4.3-1, together with the diameters of the pristine, ASPNS5
and ASPAr5-10% treated CFs. The results show very promising improvements on the IFSS of
the composites made with ASP modified CFs than the ones made with pristine CFs. The IFSS

increased from 55 MPa to 72 MPa for ASPNS5 and 77 MPa for ASPAr5-10% CFs reinforced
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composites, indicating an improvement exceeding 30%. However, there are relatively large
variations of the measured average IFSS values, which makes it difficult to conclude that
significant improvement in IFSS by ASP treatment of the CFs are obtained if the experimental

errors are taken into account.

For this reason, Weibull distribution has been adopted to statistically analyse the push-out test
data. The Weibull plots and the fitted straight lines according to Equation (3-5) for the IFSS of
composites made with three types of CFs are presented in Figure 4.3-9 and the results of the
Weibull statistical analysis are summarised in Table 4.3-1. It can be seen that the Weibull plots
are approximately linear, and all the fitting coefficient values R? are over 93%, signifying that
the IFSS of all composites followed a Weibull distribution. The Weibull scaling parameters (7)
of IFSS after ASP treatments followed the same trend with the average IFSS values. In addition,
the Weibull plots of IFSS for composites with ASP treated CFs are clearly separated from the
pristine system, highlighting that the improvements in the IFSS values are statistically
significant. Another observation related to Table 4.3-1 is that the ASPAr5-10% treatment
slightly reduced the Weibull modulus, indicating that the measured data from ASPAr5-10%

treatments possessed a slightly larger scattering.

Table 4.3-1 Average interfacial shear strength and Weibull parameters for pristine, ASPN5
and ASPAr5-10% CFs reinforced composites.

Average IFSS  Weibull Weibull scaling
Sample code  d (um) R?
(MPa) modulus, m parameter, t (MPa)
Pristine 6.76 £ 0.32 55+12 10.22 57 93.8
ASPNS5 6.62 +0.25 7249 10.36 75 93.1

ASPAr5-10% 6.63 +£0.28 77+ 10 9.80 81 97.3
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Figure 4.3-9 Weibull probability plots and linear fits for the push-out tests data taken from the
composites made with pristine, ASPN5 and ASPAr5-10% treated CFs.

4.3.5 Creep behaviour of the CF/matrix system

The push-out test as described in 4.3-6 is conducted by continuously increasing the load until
the de-bonding between the fibre and the surrounding resin (interface failure) occurs and a
plateau on the load-displacement curve is detected. However, the interface could fail as well
when a constant load, which is lower than the critical load, is applied on the fibre for a longer
dwell time. Indeed, most composite components work under constant loads for a long service
period. Therefore, the creep behaviour of the CF/matrix system is very important for advanced

scientific understanding and industrial application.

Figure 4.3-10 (a) shows the load-displacement curves of push-out tests under different peak

loads for composites with ASPAr5-10% modified CFs. It can be seen clearly that the slopes of
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the loading part of the curves decreased when increasing the peak load from 6 mN to 8 mN and
10 mN. The displacement during the holding time at the peak load increased significantly as
the applied peak load increased. After unloading, residual displacement (plastic deformation)
can be observed from the load-displacement curves in the cases of larger peak loads (8§ mN and
10 mN). Figures 4.3-10 (b), (c) and (d) depict the changes of the displacement at peak loads of
6 mN, 8 mN and 10 mN, respectively. It can be seen that the creep deformation occurred at a
relatively high rate initially and then continued at a slow rate for all three tests. For the peak
load of 6 mN, the displacement of fibre increased gradually until reaching the maximum
deformation of about 28 nm for 90 seconds. However, when the peak load was elevated to 8 mN,
two steps (about 2 and 5 nm) in the displacement occurred after holding approximately 53 and
75 seconds respectively as shown in Figure 4.3-10 (¢), indicating the failure of the fibre/matrix
interface. Post observation revealed that the fibre was pushed out at this load. The maximum
deformation of the fibre/resin system at the peak load of 8 mN increased to 51 nm including the
push-out distance of about 7 nm. For the highest peak load of 10 mN, a relatively large
step (24 nm) appeared just after holding about 12 seconds and the fibre was pushed out by

15 nm. The maximum deformation of the fibre/matrix system was further increased to 105 nm.
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Figure 4.3-10 (a) Typical load-displacement curves for different peak loads and (b) (¢) (d) the

displacement of the indenter at peak load against the increment of time at dwelling period.

The push-out tests at the peak loads of 8 mN and 10 mN were repeated five times on a 9 um
thick composite sheet and their deformation curves are depicted in Figure 4.3-11. It can be seen
that when loaded at 8 mN, the displacement steps, which indicate the failure of the fibre/matrix
system, can be observed in two out of five tests. However, when loaded at 10 mN, the
fibre/matrix system failed for all five tests and the initial failure tends to occur earlier than when
tested at a lower load of 8 mN.
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Figure 4.3-11 The displacement of the fibre/matrix system at peak loads of § mN and 10 mN

against the increment of time at dwelling period.

The creep rates for the tests with 8 mN and 10 mN are calculated based on Equation (3-6), and
the maximum creep displacements are recorded and compared in Table 4.3-2 and Figure 4.3-
12. As expected, both the maximum creep displacements and the creep rates increased when
the peak load was increased from 8 mN to 10 mN, despite being more scattered at the higher
load (10 mN). The average maximum creep deformation and average creep rate increased from
46.51 nm and 12% to 122.06 nm and 19% when the load increased from 8 mN to 10 mN. The
reason for the larger creep deformation and creep rate at the higher load of 10 mN is that all the
fibres are pushed out at the peak load of 10 mN. Therefore, the critical creep load for this 9 um
thick composite made with ASPAr5-10% modified CFs is believed to be in the range of 8 mN
to 10 mN. Further de-bonding tests on this thin composite carried out by continuously
increasing load revealed that the critical push-out load is around 12 mN as shown in Figure 4.3-

13. Clearly, the critical creep load is lower than the critical push-out load.
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Figure 4.3-12 (a) Maximum creep deformation and (b) creep rate of the fibre/matrix system

for a 9 um thick composite sheet with peak loads of 8§ mN and 10 mN.

Table 4.3-2 Creep maximum deformation and creep rate of the fibre/matrix system.

Peak load Maximum creep Average max creep

(mN) deformation (nm) deformation (nm) Crecprate  Avetage creep rate
52.80 0.14
42.52 0.11

8 36.41 46.51 £7.43 0.09 0.12+0.02
54.45 0.14
46.35 0.12
124.91 0.23
109.09 0.20

10 98.63 122.06 £ 50.74 0.19 0.19+0.03
205.95 0.18
71.72 0.16
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Figure 4.3-13 Load-displacement curves for push-out tests of 9 um composites with ASPAr5-
10% modified CFs.
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4.4 Mechanical properties of carbon fibre reinforced composites

The mechanical properties of CFs reinforced composite (CFRC) are of great importance for
their applications in different areas. Thus, this section reports the response of composites,
reinforced by pristine and ASP modified CFs, to different mechanical tests. Section 4.4.1 and
Section 4.4.2 present the results of mechanical tests on woven fabric reinforced laminate

composites and unidirectional CFs reinforced composites respectively.
4.4.1 Mechanical properties of woven fabric reinforced laminate composites

4.4.1.1 Surface morphology

The surface morphologies of the pristine and the ASP treated CF fabrics were observed by
optical microscope and SEM, respectively. As shown in Figure 4.4-1, the ASP treatments
induced changes in the colour of the fabric surfaces, which could be attributed to the oxidation
of the treated fabric surfaces when exposed to air after these treatments. From the SEM images,
it can be seen that almost identical surfaces with longitudinal grooves are observed in all cases
except a few contaminations on the pristine fabrics. Neither surface defects nor arcing damage
can be observed on the treated fabric surfaces. This indicates that due to the remote-plasma

nature ASP can effectively avoid surface damages caused by DC and other plasma technologies.
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Figure 4.4-1 Images of the pristine and the ASP treated carbon fabrics.
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4.4.1.2 Flexural strength and interlaminar shear strength (ILSS)

The flexural strength and the ILSS results for the woven fabric reinforced laminate composites
are demonstrated in Figure 4.4-2. It shows that both the average flexural strength and ILSS
increased after ASPN5 and ASPAr5-10% treatments. The flexural strength increased from
754.6 MPa for the pristine laminate samples to 769.0 MPa for the ASPN treated ASPNS5 sample
and 783.4 MPa for the ASPAr treated ASPNAr5-10% sample. The pristine laminate specimens
revealed an ILSS of 43.7 MPa, whereas the ASPN and ASPAr treated specimens revealed an
ILSS of 46.4 MPa and 43.9 MPa, respectively. However, it is noted that the scattering of
experimental data is quite large and the differences in the flexural strength and ILSS are not

statistically significant although the trend could be deduced from the average values.

The interlaminar shear fracture morphology along the cross-section of composites (Figure 4.4-
3) revealed that the ASP treatment could improve the interfacial adhesion between the fibres
and the epoxy resin. As shown in Figure 4.4-3, the pristine CFs were pulled out of the laminate
composites with limited amount of resin material adhered to the pristine CF surfaces, suggesting
that the pristine CFs/ epoxy composites would have poor interfacial bonding. Whilst for the
samples reinforced by modified CFs, it is can be seen that the fibres and the matrix are still
bonded to each other. The fracture surface seems relatively flat and the CFs are engulfed by the
matrix. These results imply that the interfacial bonding between the CFs and the epoxy resin

has been improved after the ASP treatments.
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Figure 4.4-2 Flexural strength and ILSS of the woven fabric/epoxy resin composites with

pristine, ASPNS5 and ASPAr5-10% modified carbon fabrics.
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(a) Pristine

Figure 4.4-3 SEM side-view images of fracture surfaces of composites with pristine and ASP

modified carbon fabrics.
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4.4.1.3 Mode I interlaminar fracture toughness

Interlaminar fracture involves matrix cracking, fibre breakage, fibre pull-out, fibre slipping and
fibre/matrix de-bonding, which is the primary challenge for the laminated fibre
composites [170]. Thus, the interlaminar fracture property of laminate composites with pristine
and ASPNS5 modified fabrics has been measured using Mode I interlaminar fracture test. Some
typical load-opening displacement curves are displayed in Figure 4.4-4. It can be seen that
following the initial linear parts, continuous load-drops are shown on both curves, indicating
that both laminate samples experienced stick-slip crack growth because of the existence of
longitudinal and transversal oriented fibre bundles of woven fabrics. The crack initiation
points (VIS), which are marked on the load-opening displacement curves, represent the
delamination length and load at the onset of the visually recognisable crack. As shown in
Figure 4.4-4, the delamination load at VIS point for ASPN5 modified sample (38 N) is slightly
larger than that for pristine laminate sample (36 N), indicating that the laminate composite
sample with ASPNS modified fabrics is more effective at the interface than the sample with

pristine carbon fabrics in the manner of energy absorption properties for the composites.

The average initial fracture toughness and average steady-state toughness (along with the
corresponding standard deviation) for the pristine and ASPNS carbon fabric reinforced
laminates are summarised in Figure 4.4-5. Comparing to the pristine laminate samples, whose
average initiation Gc value and the average steady-state Gic are 496 and 614 J/m? respectively,
the ASPN5 modification can increase both the initiation fracture toughness and the steady-state

toughness by 29% and 10% to 642 and 675 J/m?, respectively.
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Figure 4.4-4 Load-crack opening displacement curves for the produced composite laminate

with (a) pristine carbon fabrics and with (b) ASPNS5 carbon fabrics.
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Figure 4.4-5 The average initial fracture toughness and the average steady-state toughness for

pristine and ASPNS5 carbon fabric reinforced composites.

The results of post SEM observations on the pristine and ASPNS5 carbon fabric reinforced
laminates are shown in Figure 4.4-6. It can be seen that a nearly straight breaking trace line can
be observed for the laminate specimen with pristine carbon fabrics as shown in Figure 4.4-6 (a).
In contrast, a zigzag breaking trace line was shown for the ASPNS5 laminate specimen,
indicating that the cracks were created in different layers as depicted in the detailed images in
Figure 4.4-6 (b). The fracture surfaces for these two types of specimens are compared in
Figures 4.4-6 (c) and (d). It can be seen that some of the fibres on the fracture surface of the
pristine laminate sample were pulled out from the matrix and the fractured pristine fibre
surfaces are clean and smooth, which indicates adhesion failure at the interface due to weak
interfacial strength. On the contrary, for the laminate sample with ASPNS modified fabrics, the

fractured fibres are stuck together with partially covered epoxy patches.
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500 um

Figure 4.4-6 SEM images of fracture morphologies for composite laminates with pristine and

ASPNS5 carbon fabrics after Mode I interlaminar fracture tests.
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4.4.2 Mechanical properties of unidirectional carbon fibre reinforced

composites

4.4.2.1 Tensile, shear and flexural strengths

The tensile, shear and flexural strengths of the unidirectional CF-reinforced composite
specimens made with pristine and treated CFs under ASPNS5 treatment condition are
summarised in Table 4.4-1. The tensile strength results tested from the composite specimens
show the ultimate tensile strength of pristine and ASPNS5 treated CFs possess comparable values,

3420 and 3398 MPa, respectively.

The interfacial adhesion strength of the composites is reflected in the shear and flexural tests
results. It can be seen that the ASP treatment has shown a moderate effect on the shear strength
under the current test conditions, in the order of a 3% increase. However, the flexural strength
along fibre axis of ASPNS treated CF reinforced composites are enhanced from 872 MPa for

samples with pristine CFs to 1015 MPa, representing a 16% increase of the flexural strength.

Table 4.4-1 Tensile, shear and flexural strengths of composites reinforced with unidirectional
pristine and ASPNS treated CFs.

Sample code  Tensile strength ~ Shear strength Flexural strength - Flexural strength

(along fibres) (cross fibres)
(MPa) (MPa) (MPa) (MPa)
Pristine 3420 + 95 66=+3 872+ 9 65+ 10
ASPNS5S 3398 + 121 68 +7 1015+ 14 76 £ 11
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4.4.2.2 Internal pressure destruction

As ASPNS treated CFs revealed higher strength than the pristine CFs both in fibres and in
composite samples than that of the pristine ones, 9000-m-long ASPNS5 treated CFs have been
validated by making airspace components of propellant tanks. The images of propellant tanks
manufactured with pristine and ASPN5 modified CFs are shown in Figure 4.4-7. It can be seen
that compared to the tight structures shown on the tank with pristine CFs (Figure 4.4-7 (a)),
gaps were clearly shown between the adjacent yarns in the image of the tank manufactured with
ASPNS5 CFs (Figure 4.4-7 (c)). The thermographic and ultrasound non-destructive tests also
revealed several defects on the tank made with ASPN5 CFs about 15x15 mm, 20 x 20 mm,
20 x 25 mm, 25 x 25mm, 20 x 30 mm and 40 x 10 mm. These defects are most probably
resulted from the deformation of the ASPNS fibre yarns caused by the fibre loading/unloading
process during the winding process after the ASP treatments, as evidenced by the difference of
the pristine and the ASPNS5 bobbins shown in Figures 4.4-7 (b) and (d).

Internal pressure destructive tests were conducted to assess the performance of composites with
ASP treated CFs on an industrial scale. From the results listed in Table 4.4-2, the calculated
destructive pressure increased from 6.8 MPa for the fuel tank made with the pristine CFs to
8.0 MPa for the tank made with ASPN5 modified CFs. In addition, the tank made with the
modified CFs showed 12%, 33% and 18% improvement in the average strain than the ones
made with the pristine CFs on the central part in the transversal and longitudinal directions and
on the end part in the transversal direction, respectively. It is expected that the propellant tank
made with ASPNS modified CFs could outperform the one with pristine CFs in the internal

pressure destructive test.
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Table 4.4-2 Calculated destructive pressure and average strain values in different sections of
the tank manufactured with pristine and ASPNS5 treated CFs.

Average strain in different sections

Calculated
Tank code destructive Central part in the Central part in the End part in the
pressure (MPa) transversal longitudinal transversal
direction direction direction
Tank pristine 6.8+0.3 0.017 £ 0.004 0.003 £0.001 0.022 £ 0.005
Tank ASPN5 8.0+0.5 0.015+0.003 0.002 + 0.001 0.018 £ 0.003

(a) Tank pristine (b) Pristine bobbin

Tight structure

(d) ASPN5 bobbin
e

7_ ;;?;f!;‘;‘ppsbetween adjacent

=

Figure 4.4-7 Images of (a) (c) tanks manufactured with (b) (d) pristine CFs and ASPNS
treated CFs.
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5.1 The interaction between active screen plasma and CF

CHAPTER 5 DISCUSSION

As reported in Chapter 4 and summarised in Table 5.1, active screen plasma treatments have

improved the interfacial adhesion of CF to epoxy resin and multiple mechanical properties of

CF reinforced composites under optimised treatment condition (ASPN5 & ASPAr5-10%)

without tensile strength degradation. Therefore, understanding the mechanisms involved in the

interaction between the active screen plasma and the CF surface is very important from both a

scientific and technological point-of-view.

Table 5.1 Summary of properties of single fibres, interfaces and composites under optimised
ASP treatments conditions.

Pristine ASPN5 | ASPAr5-10%
Weibull scaling parameter for tensile
Single fibre 2410 2560 3000
strength (MPa)
Average IFSS (MPa) 55+£12 72+9 77+ 10
Interface Weibull scaling parameter for
57 75 81
IFSS (MPa)

Woven fabric Flexural strength (MPa) 755+ 84 | 769 +43 783 + 18
reinforced ILSS (MPa) 44 +£3 46 £2 44 + 4
Composite Average steady toughness (J/m?) 614+49 | 675+37 none

Unidirectional Shear strength (MPa) 66 £3 68 £7 none

CF reinforced | Longitudinal flexural strength (MPa) | 872+9 | 1015+ 15 none
Composite Transversal flexural strength (MPa) 65+ 10 76 £ 11 none
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The plasma modification of CFs is a process including a series of interactions between the fibre
surface being treated and highly active species, such as electrons, ions and radicals, which are
generated from the collisions between the accelerated electrons and gas molecules in plasma
reactors [159, 171, 172]. These interactions between the CF surface and the active species can
lead to desirable functionalisation and degradation reactions on the fibre surfaces depending on

the type of plasma techniques used and the operation conditions [173, 174].

As discussed in Section 2.6.6, the literature shows a wide range of plasma techniques and
processing conditions. These plasma surface treatments are reported consistently to remove
contaminations from the surface, roughen the surface, change the surface microstructures,
increase surface energy and/or introduce functional groups, but most of these plasma treatments

could also cause tensile strength damage [162].

Generally, these changes are attributed to chemical and physical interactions between the fibre
surface and the plasma active species. The chemical interaction is based on the reactions
between the surface carbon atoms and the chemically active species, e.g. atomic
nitrogen (radical) [15, 175] and/or molecular oxygen [2, 6, 176], forming functional groups that
can improve the surface energy and reactivity. The physical interaction proceeds through the
bombardment of the fibre surface with energetic charged species or ions, such as H' [177],
Ar" [178-180] or O2" [2, 6, 176] ions, leading to changes in surface structure and/or degradation
in tensile property. Therefore, it can be deduced that the functionalisation reactions are mainly
initiated by the interaction with radicals and the degradation reactions related to the etching
effect are mainly initiated by the bombardment of ions. The results of Solis-Fernandez et.al
bring some experimental support to this hypothesis [181]. They distinguished the chemical and
the physical interactions by conducting a comparative study of ultraviolet (UV) oxidation and

dielectric barrier discharge (DBD) air plasma treatments. Their results proved that the chemical
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attack from the UV oxidation selectively created atomic vacancies at a limited number of
surface locations, which subsequently attributed to the formation of functional groups. By
contrast, the physical attack observed in DBD air plasma caused etching effect at random

locations on the sample surface, leading to microstructural defects and strength damage.

Despite interactions with the fibre surface being treated, plasma active species could disappear
through recombination in the forms of electron-ion and radical-radical, in which the former
process is much faster than the latter one. According to Pejovic et.al, the rate constant is
generally in the order of 107 cm?/sec for the electron-ion recombination and 1033 cm?/sec for
the radical-radical recombination [182]. This indicates that the radicals possess a longer lifetime

than the ions and the electrons.

(a)

\ e Radical Ton e electron / \_° Radical Ion e electron -

Figure 5.1 Schematic mechanisms of (a) conventional plasma treatment and (b) active screen

plasma treatment.

The interactions between the fibre surface and these active plasma species are mainly
determined by the type of plasma techniques. For most conventional direct plasma techniques,

such as RF, MW and direct current (DC) plasmas, the treated CFs is immersed in the plasma as
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schematically shown in Figure 5.1 (a). All active species, electrons and ions as well as radicals
interact with the surface of the CFs. As a result, the functionalised fibre surface from these
conventional plasma treatments is normally accompanied by surface damages due to the

inevitable ions bombardment induced etching effect [11, 14].

However, during the active screen plasma treatments in this research (Figure 5.1 (b)), the CFs
were set appropriate 30 mm away from the active screen, where the plasma was generated, in
order to separate the radicals from the ions and electrons with the consideration of the large
lifetime difference. Therefore, the surface of CFs was mainly exposed to the stream of radicals
in the ASP reactor. Such a treatment setting is supported by the findings of Inagaki, that the
concentration of radical shows negligible decrease with increasing the distance between the
treated sample and the plasma up to 100 cm, while the concentration of electron and ion
decreases rapidly with increasing the distance [159]. According to their experimental results,
the relative concentration of ions of hydrogen plasma drops to about 10% at a distance of

10 cm [159].

Therefore, in essence, active screen plasma treatment is a remote plasma or post-plasma
treatment [2, 183]. The radicals are separated from the ions and electrons acting as the
predominant component in the active screen plasma, and the ions and electrons are restricted to
the active screen acting as the minor components on the sample surfaces. Accordingly, as the
schematic diagram shown in Figure 5.1 (b), whilst radicles can easily reach CF surface for the
desirable functionalisation reactions, limited number of ions could bombard the CF surface thus

avoiding or reducing the undesirable degradation reactions.

In addition, plasma-surface interactions are closely related to the operating parameters. When

a plasma technique is applied, the plasma species are created by the collisions between the
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charged electrons and the gas molecules, which are mainly determined by their mean free path

as the equation shown below [184].

_ kgT
= 5-1)
where kg is Boltzmann constant, J-k™!'; T is temperature, °C; P is total pressure, Pa; and d is the

diameter of the species, m.

According to the mean free path equation (5-1), the plasma treatment with high-pressure brings
a high discharge density, frequent collisions (short mean free paths) and low energetic species,
as evidenced by the atmospheric-pressure plasma treatments [185]. On the contrary, the plasma
species from a low-pressure plasma treatment can travel long distances between collisions, and
therefore the surface exposed to the low-pressure plasma are subjected to a low density but of
high energetic species, as mentioned in Section 2.6.6.1. From this point of view, the mild
pressure (75 Pa) in this research allowed adequate amount of active species with low energy.
However, as explained by Gallo and Dong in Figure 5.2, the energy level of these excited spices
in the active screen plasma is higher than the strength of the chemical bond in the CFs [129].
Therefore, the radicals from the active screen plasma can interact with the CF surface to trigger
chemical reactions and structural changes. In the meanwhile, the ion bombardment which

causes tensile degradation can be weakened because of their low energies.

The gases used for plasma treatment put an effect on the interactions between plasma species
and CF surface as well. It can be deduced from Equation 5-1 that the active species with larger
diameter possess a shorter mean free path, leading to a lower concentration of species around
the CFs during the ASP treatments. On the contrary, the active species with a smaller diameter

can travel longer to functionalise and bombard the fibre surface. Accordingly, the
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functionalisation from the active species, as well as the ions bombardment varies when using

different gases (plasma species with different diameters) during ASP treatment.
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Figure 5.2 Illustration of the energy levels of active species in the plasma and the strength of
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5.2 Effects of ASP modification on tensile property of CFs

As described in the literature review (Section 2.6.1), previous studies have reported that the
plasma treatments can damage the fibre surfaces due to the ions bombardment, leading to a
reduction of single fibre strength [14, 186, 187]. As exemplified in Figure 5.3 reported by
Sharma ef al., plasma treatment significantly decreased the tensile load taken by the CFs before
failure when comparing to the untreated CFs [188]. However, this is in contrast with the results
of this research, which have been reported in Session 4.2.3, the tensile strength of active screen
plasma modified CFs is indeed higher than that of pristine CFs with only one exception of
ASPNS (Table 4.2-3). The seemingly contradictory results could be attributed to the nature of
the active screen plasma used in this research, the interaction between the CF surface and the

plasma species, and the resulting surface structure.
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Figure 5.3 Variation of structural disorder parameter /p//c, surface crystalline size La and
tensile load of carbon fibres as a function of various carbon fibre treatments. (UNT-untreated;

YBF3-nano ytterbium fluoride particles treated) [188].

Referring to Sharma et al. (Figure 5.3), the reduction in the tensile property of CFs following

conventional plasma treatments is accompanied by the increase in structural disorder ratio (/p/Ic)
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and the decrease in surface crystallite size La [188]. However, for the active screen plasma
treated CFs, as evidenced in Table 5.2, the Ip/Ic intensity ratio is unchanged or slightly
decreased (except for ASPNS5) and both the crystallite height Lc and width La increased (except
for ASPN2) with regard to that of the pristine CFs in this research. It can be found that the
correlation among the single fibre strength, structural disorder ratio and surface crystallite size
is still valid for the ASP treated CFs, although the effect of plasma treatment on single fibre
strength is opposite. This is because the ASP treatment has the capability to separate the radicals
from ions and electrons to modify the CF surface, resulting in a decreased structural

disorder (/p/Ig) and an increased surface crystallite size (La and Lc).

Table 5.2 Surface crystalline dimensions, structural disorder ratio and tensile strength of
pristine and ASP treated CFs.

Sample code  Tensile strength (GPa) Lc (nm) La (nm) In/lg

Pristine 2.41 1.32 3.95 1.014
ASPN2 2.81 1.28 3.52 1.002
ASPNS5 2.56 1.38 5.82 1.018
ASPNS 2.07 1.47 6.31 1.014
ASPAr5-5% 3.27 1.34 4.48 1.009
ASPAr5-10% 3.00 1.34 4.41 1.005
ASPAr5-15% 2.83 1.33 4.39 1.004

As discussed in Chapter 2, the PAN-derived fibres are characterised by extensively wrinkled
and interlinked turbostratic layers (Figure 2.3), which exhibit a preferential orientation along
the fibre axis and thus results in an excellent tensile strength. Internal strain is formed within
these CF turbostratic structures during the stretching of the PAN fibre to form this preferential
orientation, which has been confirmed by Li ef al. through a careful analysis of wide-angle X-

ray diffraction and Raman spectroscopy [189]. However, the strike of the energetic plasma
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species during ASP treatments can increase the mobility of the carbon atoms, thus the C-C
bonds and carbon planes potentially slide and rotate to release the internal strain and then
straighten along the fibre axis. As a result, the crystallites stack closely and orderly, which
consequently increases the size of the crystallites (La and Lc) and decreases the disorder

degree (Ip/Ic) of the fibres.

l (©)

Figure 5.4 Reynolds and Sharp mechanism of tensile failure in misoriented crystallite [190].

According to the Reynolds-Sharp theory, as illustrated in Figure 5.4, the failure of a single fibre
under tension initiates from a misoriented crystallite (Figure 5.4 (a)). After rupturing the basal
plane by the shear stress which is parallel to these planes, the crack propagates in the direction
of La+ and Lc (Figure 5.4 (b)), causing the complete failure of the disoriented
crystallite (Figure 5.4 (c)) and finally the failure of single fibre [191]. Based on this failure
theory, Bennett and Johnson pointed out that the tensile failure of a single fibre does not occur
at the internal voids, but occurs in the well graphitised lamellar structures at the surface of the

internal voids, which is associated with the accumulated shear stress concentration within the
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ordered structure [56, 190]. They also established the relationship between the structural
parameters and the tensile strength of single fibres. That is, large crystallites with layer planes

parallel to the fibre axis do not initiate failure.

Therefore, for the ASP treatments carried out in this research, the changes in the turbostratic
structure could align the enlarged crystallites with respect to the fibre axis (preferential
orientation), leading to increased tensile strength. On the other hand, the bombardment of ions
can be eliminated or reduced comparing to the conventional plasma treatments due to the
reduced number of ions that could reach the CF surfaces. This limited bombardment is
beneficial to minimise the etching effect but still to remove the weakly bonded regions on the
carbon fibre surfaces, which contributes to clean the surfaces and diminish the surface critical-
sized flaws that act as stress concentrators during tensile tests. This is the main reason for the

tensile strength increase of ASPN2 treated CFs.

However, prolonged ASP treatment could still increase the potential of surface damages and
hence reduce CF strength due to the accumulated ions bombardment on the CF surface, as
evidenced by the Ip/Ig increase of ASPNS treated CFs and the strength decrease of ASPNS
treated CFs. This agrees well with the findings of conventional plasma treatments showing that
the severe ions bombardment increased surface disorder degree, damaged fibre surface and
reduced fibre strength [1, 14, 186]. The degradation reactions are indicated by the widening of
D band for ASPNS (Table 4.1-2) as well, suggesting that defects or edge planes were created

at the surface of the CFs by the long-time ASP treatments [12].

Another surprising observation from Table 5.2 is that the addition of a small amount of argon
into the ASP treatments produced a remarkable effect on the disordered structure and the tensile

strength of the ASPAr treated CFs as compared with that for ASPN treated one. As shown in

146



Table 4.1-2 and Table 5.2, comparing to the ASPN treatments, the ASPAr treatments showed
less influence on the position and the width of D band, as well as the crystallite size (La and
Lc), which is an indication of the reduced interactions with active plasma species. Moreover,
the crystallite width La and the Ip/ls intensity ratio decreased gradually with increasing the
argon concentration in the gas mixtures. These changes could be attributed to the difference in

the mean free path of argon, nitrogen and hydrogen species.

As can be seen from Table 5.3, the diameters of argon species are greater than that of the
nitrogen and hydrogen species, which means that the argon species have shorter mean free paths
comparing to nitrogen and hydrogen species according to Equation 5-1. As a result, the ion
concentration around the CFs away from the active screen is lower during the ASPAr treatments
than during the ASPN treatments. That is to say, when nitrogen/hydrogen was partially replaced
by argon during the ASPAr treatments, ions etching induced degradation effect can be further

reduced due to the reduced ions bombardment.

Table 5.3 The atomic diameter and ionic diameter of H, N and Ar elements [192].

Element symbol Atomic diameter Ionic diameter

[A] [A]
H 1.06 0.50
N 1.12 130
Ar 1.42 1.42

However, the functionalisation reactions conferred by the radicals of argon, nitrogen and
hydrogen still occurred and even have a powerful impact on the CF structures during ASPAr
treatments, as evidenced by the decreased /p/I¢ intensity ratios and the decreased values of La
and Lc with relative to that of ASPNS treated CFs as shown in Table 5.2. This indicates that a

more ordered but smaller graphitic structure may have been formed with the addition of argon
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in the ASP treatments (i.e. ASPAr). This structure contributes to improving the preferential
orientation of fibres with respect to the fibre axis as the structure of ASPN treated CFs, but it
performs better than that of ASPN treated CFs at dissipating shear stress concentration [56, 190].
Therefore, an improved tensile strength has been achieved. However, the tensile strength of the
ASPAr treated CFs decreased with further increasing the argon concentration in the gas mixture.
This could be attributed to the increasing number of argon radicals in the plasma, which possess

a short mean free path thus failing to functionalise the CF surfaces.
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5.3 Effects of ASP modification on CF/resin interface

From the results of push-out tests reported in Section 4.3, it can be seen that under the treatment
conditions of ASPNS5 and ASPAr5-10%, the average interfacial shear strength of CF/epoxy
composites has been increased by 31% and 40%, respectively. The post
observation (Figure 4.3-8) of pushed-out CFs also shows that the failure of the fibre-epoxy
system with ASP modified CFs occurred within the epoxy resin rather than at the fibre/epoxy
interface, as illustrated in Figure 5.5. These results suggest that the adhesion of CFs to epoxy
resin are enhanced after ASP treatments. According to the previous discussion, it is clear that
the ASP treatment is able to activate and functionalise the CF surface and enhance the adhesion
of fibre surface to epoxy resin most probably through changing surface topography, improving
surface chemistry and wettability [32]. These three types of changes introduced by ASP

treatments will be discussed below, respectively.

ASP CF/ Epoxy matrix Pristine CF/ Epoxy matrix

Matrix

attachments
mcmk / ‘
” AN

Figure 5.5 Schematic diagrams of interfacial failure mode of ASP CF/epoxy matrix and
pristine CF/epoxy matrix.
5.3.1 Changes in surface topography

SEM and AFM observations have been conducted to investigate the influence of the ASP
treatments on the surface morphology of CF, and it can be seen from the AFM

images (Figure 4.1-1) that the surface of the pristine fibre is covered by a thin sizing layer with
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some sizing protrusions. After ASP treatment under the conditions of ASPN5 and ASPAr5-
10%, most sizing layers were removed, leaving clean fibre surfaces as evidenced by the well-
defined surface grooves formed during CF manufacturing, especially for the ASPAr5-10%
treatment. Clearly, the ASP treatments mildly roughened the surface of CFs and the
introduction of argon contributed to a rougher surface. This could be explained as follows:
although the number of ions reached CF surfaces is low due to the remote plasma nature of the
ASP, the bombardment of these ions from the active screen plasma could not only remove the
surface sizing layer but also eject some weakly bonded atoms or molecules on the fibre surface,

thus leaving the notches on the fibre surfaces [193].

The increased surface roughness of ASP treated CFs is useful for reinforcing composites,
because the roughened surface expands the available surface area for the attachment of active
groups and increases the contact area with the epoxy resin, leading to enhanced interfacial
adhesion in composites [193-195]. Also, the roughened surface could provide more and
stronger mechanical interlocking (physical bonding) sites for the epoxy resin [162, 193]. In
addition to this, the clean fibre surface revealed by the advanced ASP treatments could also
increase the Van der Waals binding and hence the adhesion of epoxy resin on the CF surface

can be achieved effectively.
5.3.2 Increase of chemical bonding

The surface chemical composition of CFs is of great importance in ensuring good adhesion to
epoxy resin in resulting composites. Therefore, the surface composition of CFs after the ASP

treatments has been examined by XPS in this research.

As can be seen from Figure 4.1-7, while carbon and oxygen mainly appeared on the surface of

pristine CF, a small amount of nitrogen also presented on the fibre surfaces after both ASPNS5
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and ASPAr5-10% treatments. However, from the quantified analysis shown in Table 4.1-4, the
pristine CF also exhibited very high values of nitrogen and oxygen contents but this should be
related to the surface sizing material, which can be removed by 5-minutes ASP treatment as
revealed by AFM images (Figure 4.1-3). It is well-known that the non-carbon elements, such
as nitrogen and oxygen, are largely removed after the high-temperature
carbonisation/graphitisation in inert gas and the carbon content of the carbonised fibres should
be > 90% thereafter [66, 163]. Therefore, it can be deduced based on the above discussion that
the nitrogen and oxygen contents measured from the surfaces of ASPN5 and ASPAr5-10%

treated CFs must be introduced by the ASP treatments.

Furthermore, the deconvolution analysis of C 1s peaks (Figure 4.1-8) further reveals the effects
of ASPNS5 and ASPAr5-10% plasma on the fibre surfaces treated. It can be seen that the C-C
group (284.5 eV) decreased after ASPNS treatment, indicating that the C-C bonds are broken
and changed to other groups. The C-O group (286.2 eV) decreased after both ASPNS and
ASPAr5-10% treatments but more prominently after ASPNS treatment. Oxygen-containing
groups were also identified on the O 1s spectra (Figure 4.1-9) after both treatments, which could
be attributed to the post-reactions of carbon radicals with oxygen in the air after the ASP
treatments. Nevertheless, the oxygen-containing functional groups could also contribute to the

adhesion of ASP treated CFs to epoxy resin in composites.

The nitrogen content has increased to 3.7% after the ASPNS5 treatment as shown in Table 4.1- 4
and the deconvolution of N 1s peak further indicates that the nitrogen-containing groups have
been introduced on the fibre surface by ASPNS5 treatment. As shown from Figure 4.1-10 (b),
pyrrolic N (400.1 eV) and oxidised N (401.8 - 402.8 eV) were detected on ASPNS treated CF
surface. When nitrogen/hydrogen was partially replaced by argon (ASPAr5-10%), the nitrogen

content on the surface of CF decreased (0.9%). However, a new nitrogen-containing group,
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pyridinic N (398.6 eV), has been detected on the treated fibre surface as presented on

Figure 4.1-10 (c).

These nitrogen-containing groups are believed to be the reaction products of fibre surface active
sites with active nitrogen species in N2-H» plasma environment (ASPNS) [196, 197]. The
possible process could be proposed as follows: the attack of the energetic plasma species broke
the covalent chemical bonds on the fibre surface to create active sites, which reacted with active
nitrogen in the plasma environment to form various nitrogen-containing groups, €.g., pyrrolic
N and pyridinic N. Some of these newly generated nitrogen-containing groups are unstable and
react with oxygen to form oxidised N [196]. Moreover, the large number of dangling carbon
bonds present on the surface of PAN-CFs could also provide active sites for reaction and the
attached nitrogen species form nitrogen-containing functional groups [129, 162]. The
generation of pyridinic N from the ASPAr5-10% treatment is probably due to the interaction of
the nitrogen species with the active sites of vacant carbon bond created by the collisions of
argon species. This is supported by the findings by Wang et al. that the generated pyrrolic N
groups, located at the edges, voids and/or defects of the fibre structure, could be decomposed

by the plasma species to form pyridinic N groups [198].

To sum up, nitrogen and oxygen-containing functional groups have been formed on the CF
surface by ASP treatments and they are contributing to improving the chemical bonding with

epoxy matrix in resulting composites.

5.3.3 Improvement of surface wettability

A good wettability of a CF surface is admired for the strong adhesion between the CF and the
epoxy resin. However, because of the chemical inertness and low free energy of the CF surfaces,

it is difficult to form strong adhesion between the CFs and the epoxy resin. Thus, the effect of
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ASP treatment on surface wettability with N2>-H> and N2-Hz-Ar has been examined by contact

angle with epoxy droplets and dynamic vapour sorption (DVS) test.

From the photos of contact angles between the fibre surface and epoxy resin, it can be seen
from Figure 4.2-1 that the contact angle of epoxy resin on CFs can be decreased for all ASP
treated CFs, such as, from 70.6 ° for pristine CFs to 59.7 °, 58.4 ° and 60.6 ° for ASPNS5,
ASPAr5-5% and ASPAr5-10% treated CFs, respectively. The contact angle results suggest that
epoxy resin is more readily spread on the ASP treated fibre surfaces than on the pristine fibre

surface.

The affinity of the fibre surface to water has been improved as well, as evidenced by the DVS
results in Table 4.2-2. The adsorbed water content has increased by 22%, 25% and 46% after
ASPNS, ASPAr5-5% and ASPAr5-10% treatments respectively. This indicates that the ASP
treated CFs possess a larger absorptive capacity of water than pristine CFs and that the addition
of argon further increased their adsorptive capacity. These remarkable changes in the resin
contact angle and adsorbed water content observed after the ASP treatments indicate the

effectively increased wettability of the ASP treated fibre surface.

Generally, the change in the wettability of plasma functionalised surface could be attributed to
surface topography and/or surface chemistry [199]. From the view of surface topography, as
discussed in Section 5.2.1, the dense and deep grooves on the ASP modified surfaces are
beneficial for epoxy droplets to easily spread on the fibre surface and for water molecules to be
adsorbed on the CF surface by capillary effect. As for the surface chemistry, the polar functional
groups, such as oxygen-containing and nitrogen-containing groups, introduced onto the fibre
surface after the ASP treatments should be able to improve the surface polarity and energy.

These introduced functional groups also provide sites for water molecules attachment through
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hydrogen bonding, as evidenced by the increased chemisorption of ASP modified
CFs (Table 4.2-2). Also, the changes in the surface topography and chemistry can also help to
increase the surface energy of treated CFs [187] [200]. Consequently, the surface wettability of
ASP treated CFs has been successfully improved, leading to significantly enhanced adhesion

of the CFs to the epoxy resin.

However, a hydrophobic recovery was observed both from the contact angle tests and DVS
tests after exposure the ASP treated fibres to air as shown in Figures 4.2-3 and 4.2-6. The
oxidative scissions and the evaporative loss of the nitrogen functional groups are usually used
to explain this phenomenon [201]. Similar hydrophobic recovery behaviour after plasma
treatments was reported in polymer materials, although the rate of decay depends on the nature

of the substrate, the plasma treatment conditions, and the aging environment [202-204].

e ¢ ¢ » Chemical bonding
™ Surface wettability
/ Mechanical interlocking

® + Van de Waals bonding

ASP CF Epoxy resin

Figure 5.6 Schematic diagram of interfacial bonding mechanisms of ASP CF/epoxy resin.

Based on the above discussion of surface morphology, surface chemistry and surface wettability,
the interfacial adhesion enhancement mechanisms of ASP treated CFs reinforced epoxy
composites could be mainly attributed to 1) the increased Van der Waals bonding due to a more

intimate contact provided after the removal of surface contaminations; 2) the enhanced
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mechanical interlocking from the adequately roughened surface ; 3) the increased chemical
bonding between the introduced functional groups on the fibre surface and the matrix; and 4)

the improved surface wettability of CFs, as schematically illustrated in Figure 5.6.
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5.4 Effects of ASP modification on CFs reinforced epoxy composite

The experimental results reported in Section 4.4 indicate that ASP treatments can affect the
mechanical properties of ASP modified CF/epoxy composites. As has been shown in
Figure 4.4-2 and Table 4.4-1 and summarised in Table 5.1, in general, the flexural strength and
the interlaminar shear strength of ASP treated woven fabric/epoxy composites, as well as the
shear strength, longitudinal and transversal flexural strengths of ASP treated unidirectional
CF/epoxy composites, are higher than those of the pristine material. The propellant tank made
with the ASPNS modified CFs has also shown at least 12% improvement in the average strain
when comparing to the one made with the pristine CFs (Table 4.4-2). These mechanical
property improvements of the composites with ASP modified CFs could be considered to be

mainly related to the improved interfacial shear strength and the increased fibre strength.

It is known that when the progressive load is applied on composites during the mechanical tests,
the reinforcing fibres of the composites break firstly at locations determined by the stochastic
fibre strength and local load distribution [205]. Then the load that the breakage fibre previously
taken needs to be transferred to its neighbouring fibres through the matrix shear. However, as
revealed by the fractured samples (Figures 4.4-3), the weak interface (low IFSS) of the pristine
CF/epoxy composites is not able to transfer the load effectively, leading to long fibre
delamination and subsequent pull-out (Figures 4.4-3 (a)). Thus, a large proportion of fibre
length failed to function before the failure of the sample. Unsurprisingly, the load that the
pristine CF/epoxy composites taken during the mechanical tests is relatively low. In contrast,
the fracture morphologies of composites with modified CFs (Figures 4.4-3 (b) and (c)) show
bonded fibres with well-attached epoxy resin, implying that the enhanced interface (Increased
IFSS, Table 4.3-1) after the ASP treatments performed well at transferring the load, contributing

to improving the mechanical properties of composites. In addition to that, as have discussed
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earlier (Section 5.2), the ASP treated CFs exhibit increased single fibre tensile
strength (Table 4.2-3), which is beneficial to lower the possibility of early failure of the
reinforcing fibres. Therefore, the composites with ASP modified CFs showed increased shear

and flexural strengths in general.

From previous researches, it may be expected that the toughness of the ASP CF/epoxy
composites would decrease as the increased interfacial adhesion may induce premature
failure (brittle failure) of the composites [120, 205]. Indeed, during the load-transferring from
a broken fibre to its neighbouring fibres, a strong fibre/matrix interface provides adequate shear
strength, but also raises the possibility of generating local stress concentration. If the local stress
concentration could not be diffused or dissipated in any manner of interfacial debonding [206],
such as fibre/matrix friction [207], fibre pull-out [117, 208] and/or stress relief in the
interface [209], it will accumulate in neighbouring fibres, leading to a cluster of fibre breaks
within the composite and consequently early brittle failure [210-213]. However, as can be seen
from Figure 4.4-5, the average initial fracture toughness and the average steady-state toughness
of the composites were increased by 24% and 5% respectively when reinforced by ASPNS
treated CFs. This is because more energy is required to transfer load through matrix shear (ASP

strengthened interface) than through fibre/matrix debonding (Pristine CF/epoxy interface).

Besides, the fracture morphologies (Figure 4.4-6 (b)) also suggest the crack tips of the ASP
CF/epoxy sample were bunted by crack deflection. So comparing to a near straight breaking
trace line presented on the pristine CF/epoxy composite (Figure 4.4-6 (a)), a zigzagging trace
line was exhibited on the ASP treated CF/epoxy composites (Figure 4.4-6 (b)). This
phenomenon again indicates that the ASP enhanced interface redistributed the stress

concentration at fibre breaks via crack tip blunting and crack deflection, thus contributing to a
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high degree of energy absorption of the composites. Similar improvement has also been

observed for the composites with nanostructure coated interface [8, 9].

It could be concluded based on the above analysis that ASP treatments of CFs could lead to
mainly cohesive failure of the ASP CF/epoxy composites due to the improved interfacial
strength to force the crack to propagate through the surrounding matrix instead of the immediate
interface region. More energy is required for the cracks propagation and deflection [213].
Thereby, ASP treatments have successfully improved the flexural strength, shear strengths and

fracture toughness simultaneously.

It should be indicated that the improvement in the mechanical properties of single fibre strength
and CF/matrix interfacial shear strength seems more significant than the macro mechanical
properties of the composites reinforced by ASP treated CFs. This could be attributed to the fact
that the mechanical properties of composites not only depend on the strength of CFs and the
CF/matrix interfacial shear strength but also the quality of the composites manufactured. After
many years of research, the manufacturing process for the production of untreated or pristine
CFs reinforced composites has been fully optimised; however, such process conditions are not
necessarily suitable for ASP treated CFs. Hence, it is essential to investigate the optimal
processing conditions for manufacturing ASP treated CFs reinforced composites thus realising

the full potential of ASP treated CFs for high-performance composites.
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CHAPTER 6 CONCLUSIONS

In the present project, advanced active screen plasma technology has been developed to modify
the PAN-derived carbon fibres surfaces. The morphology, microstructure and chemistry of the
treated fibre surfaces have been characterised and the properties of resultant fibres, fibre/epoxy
interface and fibre-reinforced composites have been fully investigated. Based on the
experimental results and discussion presented in Chapters 4 and 5, the key findings and

implications can be drawn as follows:

Part I — Surface modification of CF surfaces

1. An advanced active surface plasma technology has been developed by exploring the
remote-plasma benefits, selecting optimal treatment duration between 2-8 minutes and
identifying favourable gas compositions from gas mixtures of N»>-H and N>-Hz-Ar.

2. The active screen plasma (ASP) treatment can clean and slightly roughen the carbon
fibre (CF) surface without introducing undue surface damages due to the reduced ions
bombardment of the remote plasma of the ASP technology.

3. Active screen plasma can effectively increase the average crystalline size (height
increased from 1.32 nm to 1.47 nm and width increased from 3.95 nm to 6.31 nm).

4. Active screen plasma modification with gas mixtures of N2-H> and N2-Hz-Ar can change
the surface chemistry by removing the sizing layer and introducing new functional
groups, such as pyrrolic N, pyridinic N and oxidised N groups, to CF surfaces.

5. Active screen plasma modification can improve the wettability of the CF surface as
evidenced by the decreased contact angle against epoxy resin from 71 ° to 58 ©, which

could be attributed to the introduction of surface functional groups and a slightly
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roughened surface resulting from the active screen plasma treatments.

6. Active screen plasma modification can improve the affinity of CF surfaces to water
mainly through chemisorption (from 2.79% to 4.38%), which is associated with the
introduced surface functional groups.

7. The functionalised CF surfaces by active screen plasma treatments exhibit a
hydrophobic recovery upon re-exposure to air. The degradation rate after 10 days can
be up to 5%.

8. The advanced active screen plasma treatment can lead to increased (rather than
decreased for other plasma treatments) single fibre tensile strength by 16.6% and 35.7%
respectively for ASPN and ASPAr treated CFs due to the changes in the fibre structure
and the removal of the weakly bonded regions on the fibre surface.

9. The morphological, structural and chemical changes, as well as the improvements in
wettability and tensile strength under the nitrogen-hydrogen ASP treatments with the
introduction of argon could be attributed to the shorter mean free path of argon species
as compared with that of nitrogen and hydrogen species as the former has a larger

diameter than the latter.

Part II — Interfacial property between fibre and epoxy resin

10. Advanced nano-indentation based push-out methodology has been developed in this
study, including sample preparation, testing procedures and data interpretation, to
effectively probe the interfacial shear strength for industrial composites with multiple
CFs.

11. The interfacial shear strength between the active screen plasma treated CFs and epoxy

resin has been improved by 32% when using ASPNS treated CFs and 41% when using
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ASPNS5-10% treated CFs, as disclosed by single fibre push-out tests.

12. The interfacial adhesion enhancement mechanisms of ASP treated CFs reinforced epoxy
composites could be mainly attributed to 1) the increased Van der Waals bonding due to
a more intimate contact provided by the removal of surface contaminations; 2) the
enhanced mechanical interlocking from the increased surface roughness; 3) the
increased chemical bonding between the introduced functional groups on the fibre

surface and the matrix; and 4) the improved surface wettability of CFs.

Part III — Mechanical properties of CF reinforced composites

13. Active screen plasma technique can increase the flexural strength (from 755 MPa to
783 MPa) and the interlaminar shear strength (from 44 MPa to 46 MPa) of the woven
fabric/epoxy composites, as well as the shear strength (from 66 MPa to 68 MPa), the
longitudinal (from 872 MPa to 1015 MPa) and the transversal flexural strengths (from

65 MPa to 76 MPa) of the unidirectional CF/epoxy composites.

14. Active screen plasma enhanced interface can redistribute the stress concentration at
fibre breaks via crack tip blunting and crack deflection, leading to increased fracture
toughness of resulting composites (29% and 10% increase in the average initial fracture

toughness and the average steady-state toughness).
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CHAPTER 7 FUTURE WORK

The present project has shown that the adhesion of carbon fibre surface to epoxy resin can be
improved effectively by the advanced active screen plasma modification of carbon fibres.
However, the application of this technology to carbon fibre-based composites is still at its early
stage and deserves more attention and researches. Therefore, based on the results of this

research, the following future work is suggested.

Firstly, very promising results have been achieved in this research using active screen plasma
with nitrogen-hydrogen and nitrogen-hydrogen-argon to modify carbon fibres. It is interesting
to try other gases (for example CH4, oxygen, etc.) to investigate the potential of different

surface morphology, structure and chemistry.

Secondly, the results have shown that the active screen plasma modified fibre surface exhibits
a hydrophobic recovery (Point 7, Chapter 6). Therefore, it is important to investigate the

possibility of integrating the ASP treatment into composite manufacturing.

Thirdly, the nano-indentation push-out test has shown great potential in evaluating the
interfacial properties (Points 10 and 11, Chapter 6). It is worth attempting to apply it to

investigate the creep, impact and fatigue behaviours of the fibre/matrix interface.

Finally, the composites manufacturing process should be tailored for the active-screen plasma
modified CFs to fully realise the potential of the advanced plasma functionalisation developed

from this research for high performance composites.
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