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Abstract

Carbon fibre-reinforced polymers (CFRPs) have been widely used in a variety of high-
performance fields, such as aerospace, automotive and sport. CFRP manufacturing
methods require extended curing times and moulds. The mould is used to define the
shape of the composite. Moulds are expensive and add considerably to the costs for small
production runs. Additionally, autoclaves and ovens have high running costs due to the

indirect heating of the part.

This thesis proposed a novel mould-free CFRP manufacturing method, double-point
incremental forming (DPIF) with direct electrical curing (DEC). To achieve this, the
conductivity of the CFRP is increased by adding conductive nanoparticles into the matrix
(epoxy resin). First, carbon nanoparticles, including carbon black (CB), carbon nanotubes
(CNTs), and graphene, were dispersed into the epoxy resin system. Compared with CNTs
and graphene, CB shows good dispersion. With a CB loading of 2wt.%, the composite

shows optimal performance in terms of electrical and mechanical properties.

Then, CFRP with 2 wt.DEC manufactured % CB with four different electrical contact
arrangements. Here, the top-bottom mode (current through the laminate) has the best

performance, which established a solid foundation for DPIF research.

For DPIF, CFRP with 2 wt.% CB was used. Experimental and finite element analysis
methods are used to evaluate the DPIF process. The result indicates that DPIF can cure
the sample in a short time without fibre damage. In addition, DPIF has the same
performance in terms of mechanical properties and DoC as traditional manufacturing
methods (oven and autoclave) but with much lower energy consumption. DPIF achieved

fast localised consolidation and curing without a mould.



Nomenclature

CFRP

CB

CNT

SWCNT

MWCNT

AM

FDM

SLCOM

SPIF

CNC

DPIF

DoC

DC

DEC

RTM

Polymer fibre-reinforced polymer

Carbon black

Carbon nanotube

Single-wall carbon nanotube

Multi-walled carbon nanotube

Additive manufacturing

Fused deposition modelling

Selective lamination composite object manufacturing

Single-point incremental forming

Computer numerical control

Double-point incremental forming

Degree of cure

Direct current

Direct electrical curing

Resin transfer moulding



VARTM Vacuum-assisted resin transfer moulding

Tg Glass transition temperature

SEM Scanning electron microscope
TEM Transmission electron microscopy
AG Gibbs free energy change

AH The enthalpy change

AS The entropy change

T Temperature

UCST Upper critical solution temperature
DSC Differential scanning calorimetry
AT30S AT30 slow hardener

T The torque (N-m)

FEM Finite element method

FEA Finite element analysis

B Heating rate in DSC

Tp The peak temperature



Pparticle The particle density

Pbulk The bulk density of composites

CT Compact tension test

DIC Digital imaging correlation

RoM Rule of mixture

Kic The plane-strain fracture toughness
Gic The critical strain energy release rate
DLS Dynamic Light Scattering

RIPS Reaction-induced phase separation
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Chapter 1  Introduction

1.1 Background

Carbon fibre reinforced polymer (CFRP) has been widely used in a variety of fields, such
as aerospace, automotive and sport, due to its excellent strength-to-weight ratio. For
example, the aerospace industry has achieved significant weight reductions in aircraft by
increasing the use of composite materials in the airframe. In terms of Boeing 787, almost
half the fuselage is composed of CFRPs and other composite materials. Compared with
traditional aluminium design, this design can reduce the weight by 20 % [1]. In addition,

it also offers high corrosion resistance and damage tolerance to fatigue [2], [3].

Though CFRPs can be manufactured by a variety of methods, most of these are high-cost
and relatively slow. In addition, traditional manufacturing methods (autoclaves and ovens)
need specific moulds depending on the product requirements. These moulds are usually
made of aluminium, steel, or other metals, which have long service lives, high cost, and
environmental impacts [4]-[7]. As a result, in terms of low-volume or custom products,

the cost of mould will be a significant part of the final costs.

To address these issues, researchers started to explore alternative manufacturing
methods. Additive manufacturing (AM) is a famous novel manufacturing method. AM can
directly manufacture CFRP parts without any mould. It has a wide variety of production
processes, such as fused deposition modelling (FDM) [8]-{11] and selective lamination
composite object manufacturing (SLCOM) [12], [13]. However, AM also has limitations
when manufacturing continuous carbon fibre reinforcement polymer. They are often
characterized by low fibre volume fractions [8], [14], high void rate [15]-[17], or simple

layups that do not allow the fibre direction to be tailored to complex stress fields [14], [18].

Considering the above issues, single-point incremental forming (SPIF) of composites was
proposed. Initially, SPIF was used in the sheet metal forming [19]-[22]. The workpiece is
fixed by a clamp above the net-shaped mould (open mould). A tool stylus is controlled by
a computer numerical control (CNC) system and incrementally compresses the
workpiece with a specified load until the desired shape is achieved [23]. In terms of

research on SPIF on FRPs, Emami et al. [24] employed SPIF in conjunction with a ceramic
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infrared heater positioned beneath the sample to fabricate glass fibre-reinforced polymer.
Okada et al. [25] documented a SPIF of CFRPs using forming punches and localized
optical heating. Cedeno-Campos et al. [26] utilized a copper tool equipped with a heater
controlled by a CNC system to accomplish SPIF manufacturing of CFRPs. The system
employed force feedback control to apply uniform curing pressure on samples. Compared
with traditional manufacturing methods, SPIF uses net-shape moulds to replace closed
moulds, which can effectively reduce mould costs. Moreover, in SPIF manufacturing, the
heating resource directly works samples without air and mould heating [24], [26]. As a

result, it can significantly save energy, especially small-size samples.

While SPIF reduces the cost of mould, it is still not genuinely mould-free. To achieve this
aim, double-point incremental forming (DPIF) is proposed [26]. In DPIF, the net-shape
mould in SPIF is replaced by a tool stylus. A CNC system also controls it and can be
regarded as a support tool. Compared with SPIF, two tools in DPIF can offer more process
control, especially in terms of surface quality, formability, and geometric accuracy of the
part. DPIC can directly manufacture metal with complicated shapes without refastening
the workpiece [27]. Though DPIF is very popular in sheet metal forming, its study in FRP

is still a blank.

In addition, in SPIF, FRPs are heated and cured by contacting the heated tool or mould.
The sample collects heat energy from the tool or mould by contact heat conduction.
However, due to the low heat conductivity of FRPs, the tooling mainly heats the surface
of FRPs. The temperature in the middle is far lower than the surface temperature. The
exothermic curing polymerisation reaction in FRP manufacturing releases heat, which
causes a high increase in the rate of heat release in FRPs. This positive feedback process
can lead to over-curing, degradation of the resin and even combustion in extreme cases.
Meanwhile, due to the lower temperature rate in the middle area of the sample, the degree
of cure (DoC) could be very low when the surface has been fully cured. Thus, the heated

contact DPIF is a slow process with poor control.

To solve this problem, direct electrical curing (DEC) is used to replace the traditional tool
heating method. The positive and negative probes of a direct current (DC) power supplier
connect the two tools across the composite in DPIF, respectively. When the tools

compress the CFRP sample, an electric circuit is completed, electrical current can pass
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through the sample, and Joule heating provides a more uniform temperature across the
sample. This DEC can be leveraged to produce a low-energy, highly controllable curing
process that directly heats the composite part [28]-[30]. However, due to the high
insulation of the matrix (epoxy resin), in terms of CFRP samples with a woven fabric, the
resistivity along the fibre R11 and R22 are far lower (0.022 mQ-m) than while through the
ply stack, R33, the resistance is much higher (310 mQ-m) [31], [32]. To decrease the
resistivity of the epoxy resin, conductive carbon nanoparticles were added to the epoxy

resin to reduce the resistivity of epoxy resin [33], [34].

1.2 Aims and Objectives
Aim: To investigate the use of a novel double-point incremental forming with direct
electrical (Joule) heating (DPIF-DEC) process to manufacture carbon fibre (CFRP) panels.
These panels will include a dispersed carbon black phase to improve through thickness
conductivity. So, a secondary aim is to investigate the dispersion and reaction-induced

segregation of the carbon black as the composite is cured.

The cost of creating a mould for a CFRP part considerably outweighs the price of the fibre
or resin of the individual part. Thus, it is expensive to produce small numbers of parts or
to prototype [35], [36]. This work addresses this issue by creating a novel flexible carbon
fibre manufacturing process. To achieve this, the following objectives for this project have

been defined as:
e The dispersion of carbon nanoparticles in epoxy resin

In this section, the carbon nanoparticles (carbon black (CB), carbon nanotubes (CNTs),
and graphene) are dispersed in epoxy resin by different methods. The dispersion is
assessed by an optical microscope and electron microscope, as well as the resistance of
the carbon nanocomposite. In addition, the relationship between the curing temperature

and the resistance of the samples is discussed.
e The influence of carbon nanoparticle concentration on CFRPs

In this section, the influence of carbon nanoparticle concentration on CFRPs is studied.

The electrical, mechanical, and thermal properties of CFRPs are examined.



e Using direct electrical curing (DEC) method to manufacture CFRP laminate.

In this section, the DEC method with the four different contact arrangements is applied to
manufacture the CFRP laminate. The temperature distribution of the samples with the four
different contact arrangements is studied. In addition, the CFRPs manufactured by DEC
are compared with those manufactured by traditional manufacturing methods. The
mechanical properties and energy consumption in the manufacturing process are

discussed.
e Using DPIF method to manufacture CFRP laminate.

In this final section, the above processes are combined, delivering DPIF with DEC, which
is used to manufacture CFRPs. The temperature distribution during the manufacturing
process is observed by an IR camera and numerical analysis by Abaqus. In addition, the
CFRPs manufactured by DPIF are compared with those of traditional manufacturing
methods in terms of mechanical properties and DoC. The mechanical properties and

energy consumption in the manufacturing process are discussed.



Chapter 2 Literature Review

This literature review introduces carbon fibre-reinforced polymers (CFRP), carbon-based
nanomaterials, and the different manufacturing methods for CFRP, including traditional

and novel manufacturing methods.

2.1 Carbon fibre reinforced polymer (CFRP)
Carbon fibre-reinforced polymer (CFRP) is a composite material. The main components
are polymer and carbon fibre. Epoxy resin is a common thermosetting polymer used in
CFRP, which provides the binding matrix to protect the fibres, hold them together and
provide some toughness. Carbon fibre provides the high strength and stiffness for the
material [37]-[39]. Due to CFRP’s advantages of high strength, durability, design flexibility,
and low density [40]-[42], CFRP is widely used in many fields, such as aerospace,
automotive, chemical industries, civil engineering, and sports equipment [43]-[47]. This
section described the principal components (epoxy resin and carbon fibre),
manufacturing methods (hand layup and infusion (Resin transfer moulding (RTM) and

Vacuum-assisted resin transfer moulding (VARTM)), and the application of CFRP.

2.1.1 Epoxy resin
Epoxy resins have been extensively used in many industrial applications as adhesives,
protective coatings, and matrix polymers in composites. These applications derive from
their outstanding bonding and chemical resistance [48]-[52]. As early as 1891, Lindmann
synthesised a resin by the condensation reaction of hydroquinone and epichlorohydrin
[53]. In 1909, Prileschajew discovered that an organic peracid could be used as an
oxidant to oxidise olefins and form an epoxy compound [54]. Although more than 100
years have passed, these two reactions are still the main synthesis routes. In 1947, the
United States Devoe-Raynolds company opened up epichlorohydrin-bisphenol A resin

technology history, and the epoxy resin industry started to develop [55].
2.1.1.1  The classification of epoxy resins

Due to the variety of applications and diverse polymeric nature of epoxy resins, there is
no official classification. At present, the famous classification is to classify epoxy resin into
glycidyl and non-glycidyl epoxy resins according to their chemical structure; glycidyl epoxy
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includes glycidyl-ether, glycidyl-ester and glycidyl-amine [53]. Non-glycidyl epoxies have
two types. They are cyclic aliphatic and acyclic aliphatic [56].

e (Glycidyl epoxy resin

Bisphenol A glycidyl ether (DGEBA) resin is a popular glycidyl epoxy resin [53]. It makes
up a high percentage of the industrial epoxy resin market [57]-[60].
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Figure 2.1 The chemical structure and critical features of DGEBA resin [58]

Figure 2.1 shows the chemical structure and critical features of DGEBA resin. The
characteristic of DGEBA resin depends on the number of n. This number, n, is the number
of repeating units, commonly known as the degree of polymerisation. With the degree of
polymerisation increasing, the molecular weight will increase. Generally, the range of n is
0 to 25. The n value of epoxy resins with low molecular weight usually is less than 2, and
the softening point is below 50 °C. When the temperature is higher than this point, epoxy
resin will be soft. For medium molecular weight, the n value is between 2 and 5, and the
softening point is between 50 and 95 °C. When the n value is higher than 5, and the
softening point is higher than 100 °C, these epoxy resins are termed high molecular weight

resins. As a result, the heat resistance is improved [58].

Phenolic epoxy resin is also known as F-type epoxy resin (see Figure 2.2). The long chains
in epoxy resin and the curing reaction result in higher crosslinking density and viscosity
in the resin. The cured phenolic epoxy resin has excellent heat resistance, chemical
resistance, and solvent resistance. Because of these properties, phenolic epoxy resins
can improve the glass transition temperature (Tg), heat resistance, and properties of
epoxy blends[61]. As a result, phenolic epoxy resins can be used as modifiers for primary
epoxy resin or multi-resin systems. In addition, these resins are also used in the

manufacture of various structural parts and electrical parts [62], [63].
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Figure 2.2 The chemical structure of phenolic epoxy[64]
e Non-glycidyl epoxies

In terms of non-glycidyl epoxies, the cycloaliphatic resin (see Figure 2.3)is a cyclic
structure whose molecule has an epoxy group. The standard cyclic aliphatic resins
include vinyl cyclohexene dioxides and dicyclopentadiene dioxides. The acyclic aliphatic
resin is a linear structure where an epoxy group adheres. Acyclic aliphatic resin can be
divided into epoxy diene polymers, epoxidized oils and polyethene glycol dicyclic oxides
[56].

O

O
Cycloaliphatic epoxy resin

Figure 2.3 The chemical structure of cycloaliphatic epoxy resin [64]

2.1.2 Carbon fibre
Carbon fibres are the priority choice fibres in the industry due to their low density, high
strength, good heat and electrical conductivity, and high thermal and chemical stability
[65]-[67]. In 1897, Thomas Edison [68] carbonized cotton at high temperatures and
obtained carbon fibres, which were used in incandescent light bulb experiments. Then, in
1958, Roger Bacon [68] produced carbon fibre by heating artificial filaments and
carbonizing them. However, the carbon concentration of produced fibre was only 20%.
In the early 1960s, Dr. Akio Shindo used polyacrylonitrile (PAN) as a raw material and
invented a new carbon fibre manufacturing process. In this process, the carbon
concentration was increased to over 55%. The modulus of this material is higher than 140

GPa. In 1963, Dr William Watt oriented the PAN chain parallel to the fibre axis through



tension in the early stage of pyrolysis and prepared high-strength carbon fibre. The PAN
high-performance carbon fibres invented by Shindo and Watt dominate the world market
to date [69]. In addition, in a search for alternative raw materials, in the 1960s, pitch from
oil was used to produce carbon fibre. At room temperature, the pitch has both a high
viscosity and carbon concentration [70]. Pitch is a mixture of hundreds of aromatic
hydrocarbons and heterocyclic compounds with an average molecular weight of 300-400
u (1 uis the be 1/12 of the mass of one atom of carbon-12). The carbon concentration of
pitch can be higher than 80%. As the aromaticity increases, the quality of carbon fibre

will increase [71].
2.1.2.1  The structure and properties of carbon fibre

Carbon fibre is provided in the form of continuous tows wound onto spools. One tow is a
bundle of thousands of continuous carbon filaments bonded together and protected by
organic coatings such as polyethene oxide (PEO) or polyvinyl alcohol (PVA). This process
is termed fibre sizing. The graphitic structure of carbon is not reactive, so sizing is required
to give good adhesion to the epoxy resin matrix. The surface chemical properties of fibre
depend on the sizing component. Sizing is defined as a thin chemical coating applied to
the surface of a fibre during the manufacturing process to protect the fibre during handling
and processing and to promote adhesion between the fibre and the polymer matrix [72].
The tow is conveniently unwound from the spool to use. Each carbon filament in the tow

is a continuous cylinder of 5-10 um diameter.

Figure 2.4 Micrograph (SEM) of a carbon filament with a 7.0 um diameter [73]

The atomic structure of carbon fibres is carbon atom sheets (graphene sheets) arranged

in a regular hexagonal pattern (see Figure 2.5). According to the precursor to make the
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fibre, the structure of carbon fibre can be turbostratic or graphitic or have a hybrid
structure with both of them. In turbostratic structure, carbon atom sheets fold or wrinkle
together. This structure happens in carbon fibre processed from PAN. However, if the
precursor is pitch, the carbon fibre structure will be graphitic after the heating process at
over 2200 °C temperature [74]-[76].

Figure 2.5 Carbon atom sheets (graphene sheets) arranged in a regular hexagonal pattern [77]

Because of the different structures of carbon fibre, the mechanical performances of PAN
and pitch-based carbon fibre are different. The modulus of carbon fibre depends on the
carbonization/graphitization temperature. The heating process can improve the modulus

of PAN, but its strength will decrease [77].
2.1.2.2  The drapability and application of different carbon fibre

Generally, carbon fibre is classified as weave fibre (plain, twill, harness satin weave, etc)
and unidirectional (UD) fibre. UD fibre does not use interlocking tows, which has poor
drapability, as the fibres tend to separate over objects with curvature in 2 dimensions. As

a result, UD is used for flat plates or longitudinally in cylindrical parts.

The following simplest structure of the fibre, commonly available, is plain weave (Figure
2.6). Plain weave carbon fibre is a symmetrical structure with a checkerboard appearance.
The tows are woven in an over-and-under pattern. The short space between the
interweaving gives the fibre a high level of stability, which refers to the ability of the fibre
to maintain its weave angle and fibre orientation. Due to the high level of stability, the
drapability of plain weave fibre is low. As a result, plain weave is less suitable for products
with complex contours. Therefore, it is usually used to manufacture flat sheets, tubes, and

shallow 2D curve products [78], [79].



Figure 2.6 Plain Weave Carbon Fibre Cloth from TexGen

Twill weave fibre serves as a bridge between a plain weave and the satin weaves (Figure
2.7). 2x2 twill weave fibre is a commonly recognisable twill weave fibre used in industry.
As the 2x2 name implies, each tow will pass over 2 tows and then under two tows.
Compared with plain weave fibre, the distance between the tow interlaces in twill weave
fibre is longer, which indicates less crimping. Thus, there is less stress concentration at
the cross-over points. As a result, the drapability of the twill weave is higher than that of
the plain weave. It is commonly used in more complex parts such as racing parts such as
hoods and fenders, as well as interior components [78], [79] that show curvature in 2

dimensions.

Figure 2.7 2x2 Twill Carbon Fibre Cloth from TexGen

Compared with the above two weaves, harness satin weave has the highest level of
drapability. Harness satin (HS) weave fibre is characterised by four or more fill or weft

yarns floating over a warp yarn or vice versa. There are several types of HS weave fibre,
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including 4HS, 5HS, and 8HS. The number represents the total number of tows passed
over and then under. For instance, a 4HS weave fibre consists of three tows passed over,
and then one passed under (Figure 2.8). As the HS number increases, the flexibility and
stability decrease. Due to the high drapability, HS weave fibre is usually used in products
with complicated shapes, such as luxury car interiors, exterior car body panels, and

various sporting equipment [78]-[80].

Figure 2.8 4HS weave carbon fibre cloth from TexGen

2.1.3 Advantages and disadvantages of CFRP

In this section, the advantages and disadvantages of CFRP are discussed.

2.1.3.1 Advantages
Compared with metals, it has high strength and stiffness with lower density. As a result,
when the strength and stiffness of two products are the same, the weight of the product
with CFRP is far lower than that with metal [81]. In addition, CFRP is radiolucent, which is
transparent to X-rays. Due to its excellent anti-fatigue performance, CFRP is gradually
replacing metal alloys in medical devices [82]. CFRP also has good corrosion resistance
performance. Compared with conventional materials like metals, it can withstand most
chemical solutions, such as acids, alkalis, solvents and salts. It also will not rust or corrode

when exposed to moisture or oxygen [83].

2.1.3.2 Disadvantages
First of all, energy intensity and cost remain significant barriers, especially for large-scale

products. Carbon fibre production is estimated to be about 14 times more energy-
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intensive than conventional steel production [84]. The price of carbon fibre depends on
the category of carbon fibre and the size of the fibre tow. Second, the manufacturing
process of CFRP is complex, takes a long time, and requires specific equipment [85],
[86]. In addition, CFRP is brittle, particularly when subject to impact. When CFRP is
subjected to tensile stress, it can fail by cracking along the fibre direction or by debonding
between the fibre and the matrix. In these failure modes, there is low deformation or
energy absorption before fracture [87], [88]. Due to the high brittleness, the maintenance
and inspection frequency is high. Currently, there is no accepted recycling method for
carbon fibre. Parts can be recycled into short fibre composites by resin extraction or burn

as energy recovery [89].

2.1.4 Application
Because of its excellent performance, CFRP has been widely used in various fields, such

as aerospace engineering, automotive engineering, civil engineering, and sports goods.
2.1.4.1  Aerospace engineering

Due to its low weight, high-tensile strength, stiffness, and excellent fire protection
capabilities, CFRP has been widely used in aerospace engineering. For example, from
Boeing 767 to Boeing 787, the percentage of the composite increased from 3 wt.% to 50
wt.%. The material of airframes, main wings, and tail wings is replaced from aluminium to
CFRP. Compared with the Boeing 767, the weight of the Boeing 787 has a significant

decrease, which can save 20-22% of fuel [90].

Boeing 767 Boeing 787
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Figure 2.9 Comparison of materials used in Boeing 767 and Boeing 787 [90]
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2.1.4.2  Automotive engineering

Due to its low weight, high strength, and stiffness, the industry has been focused on the
potential of CFRP as a new automotive part material. In theory, compared with traditional
vehicles with steel, the weight of vehicles with CFRP can be reduced by 60 wt.%. Fuel

efficiency can increase by 30%, and CO, emissions be reduced by 20% [91].

In addition, A project funded by the European Union involving three car companies,
Volkswagen, Renault and Volvo, has developed an automotive CFRP floor. In this project,
the number of parts was reduced by 30%, and the weight of the vehicle was reduced by
50%. 50 units of CFRP floor can be produced by this technology one day by a single press
[92].

inner reinforcement

Figure 2.10 The application of CFRP on the B-pillar of the car [93]

2.1.4.3 Civil engineering

From 2004 to the present, the requirement for CFRP in civil engineering has had a
noticeable increase. In 2025, the CFRP used in civil engineering could reach 6.2 kilotons.
The application of CFRP in civil engineering includes the strengthening of buildings and
bridges, the repairment of tubes, bridge decks, cables, etc. 80%-90% of CFRP is used in
enhancing and repairment of deteriorating infrastructure such as external bonding of
CFRP sheets, the addition of composite strips or tendons, and near-surface mounting of
composites [94]-[96].
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Figure 2.11 CFRP used in electrical cables with12 MN load capacity [97]

2.1.4.4  Sports

Compared with other fields, the scale of products in the sports field is smaller. So, it is
one of the earliest industries to use CFRP. CFRP's main products include golf clubs, fishing
rods, and tennis rackets. Compared with other products, golf clubs and bicycles are the
largest consumers of CFRP. For golf clubs, CFRP improved the stiffness with lower weight
to increase durability. In terms of bicycles, due to their low weight and high strength,

bicycles can be used in various harsh conditions [98], [99].

Figure 2.12 The bicycle frame with CFRP [100]

2.2 Carbon nanomaterials
In general, carbon nanomaterials are described as carbon materials with nanoscale

dimensions, which have specific optical, electronic, thermo-physical or mechanical
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properties [101]-[105]. The three main carbon nanomaterials discussed are carbon

black (CB), carbon nanotubes (CNTs), and graphene.

2.2.1 Carbon black
2.2.1.1 Introduction

Carbon black (CB) is an amorphous carbon particle. It is the product of incomplete
combustion or thermal decomposition of carbon-containing substances such as coal,
natural gas, and fuel under insufficient air. Carbon makes up 98% of all the chemical
elements in CB. To improve its solubility, dispersion, cohesion or other properties, there
may be other elements in CB, such as oxygen, nitrogen, and sulphur [106]. CB is
marketed as black powder or particles. More than 90% of CB is used in rubber products
[107].

2.2.1.2  Morphology

The carbon particles form a hexagonal plate. Three to five of these plates form a
crystallite. The arrangement of carbon atoms is orderly in each carbon crystallite.
However, the arrangement of carbon in adjacent crystallites is uncorrelated. So, while CB
plates are crystalline, CB particles are quasi-crystalline [108]. The microstructure of

aggregated CB is shown in Figure 2.13.

The structure of CB is often divided into two levels, a primary and a secondary structure.
The primary structure of CB is of spherical particles created from small graphitic sheets
of carbon. These particles are formed during the incomplete combustion of coal tar,
vegetable matter, or petroleum products. The primary particles of CB are tiny, typically
measuring 10-500 nm in diameter [109], [110].

The secondary structure of CB refers to aggregating the primary spherical particles into
larger "agglomerates." These structures show a random fractal structure with a wide
range of sizes and shapes. However, this structure is unstable and can be readily

disrupted under the influence of mechanical strain [109].
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Figure 2.13 The structure of aggregated CB under TEM [111]

2.2.1.3  Electrical conductivity

The conductivity of CB depends on their surface properties. Highly conductive CB has a
low aspect surface area, and their volume resistivity is between 0.1- 0.01 Q-cm [112]. In
addition, in the manufacturing process of CB, their surfaces often produce function
groups, such as hydroxy groups and carboxyl groups. These polar functional groups can
attract electrons and impede the movement of free electrons to affect conductivity. In
general, the pH value can indicate the surface chemical properties of CB. The pH value
is smaller when more polar functional groups are present. Therefore, the lower the pH,

the lower the conductivity[113].
2.2.1.4  Mechanical properties

CB is often used as a filler and added to other matrices, such as natural rubber, to
increase the conductivity of materials. Compared with other conductive fillers, CB has
some advantages. At first, CB has a lower cost than most other conductive additives. In
addition, CB can adjust the conductivity of composite materials over a specific range by
changing the concentration of CB. For insulating matrices such as ink and natural rubber,
the conductivity of the composite materials depends entirely on fillers. As the
concentration of CB increases, CB particles will move from disconnected to partial
connection and finally complete connection. Finally, CB atoms will form continuous paths.
These paths are called percolating networks, and they affect the magnitude of
conductivity [103].
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2.2.2 Carbon nanotubes (CNTs)
2.2.2.1 Introduction

In 1952, Russian scientists LV Radushkevich and VM Lukyanovich published clear TEM
images showing carbon nanotubes (CNTs) [114]. CNTs are tubular cylinders connected
by a group of hexagonal carbon atoms, essentially a rolled sheet (or sheets in Multiwalled
CNTs). Each carbon atom connects three adjacent carbon atoms by a covalent bond
[115]. CNTs have high aspect ratios. CNTs have had a significant influence on carbon

nanotechnology, optoelectronics, carbon nanocomposites and other fields [116].
2.2.2.2 Morphology

CNTs can be classified as single-wall carbon nanotubes (SWCNTs) and multi-walled
carbon nanotubes (MWCNTs). SWCNTs, as their name implies, have a single layer of
carbon atoms forming the tube. Their diameter is around 1.4 nm, and their length can be
over 200 nm. SWCNTs have excellent mechanical and electrochemical properties [117].
Compared with SWCNTs, MWCNTs consist of multiple carbon layers, and their diameter
is higher than 10 nm. SWCNTs and MWCNTs have good electrochemical properties [118].
However, due to the different structures of SWCNTs and MWCNTSs, the former are flexible,
while the latter are strict and rigid, rod-shaped structures [119]. The TEM images of them

are shown in Figure 2.14.

Figure 2.14 (a) TEM image of SWCNTSs [120] (b) TEM image of MWCNTs [121]
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2.2.2.3 Electrical conductivity

SWCNTs manifest either metallic or semiconductor electrical conductivity depending on
the hexagonal lattice orientation of the nanotube central axis. In contrast, MWCNTs
predominantly display metallic electrical conductors [122]. The resistivity of SWCNTs can
range from 10° to 10 Q-cm, and for MWCNTs, the range varies from 10° to 10 Q-cm
[123].

2.2.2.4  Mechanical properties

When external forces are exerted on them, the internal tubes of CNTs will move, allowing
for a higher strength. Their tensile elastic modules can reach 1 TPa, which is similar to

that of diamonds and is five times that of steel [124].

2.2.3 Graphene
2.2.3.1 Introduction

Graphene is a single layer of graphite. It is a two-dimensional carbon layer arranged in
the hexagonal lattice of carbon atoms. Three million layers of graphene are stacked
together and would be 1 mm thick. In 2004, Andre Geim and Konstantin Novoselov,
physicists at the University of Manchester, successfully isolated graphene from graphite
by micromechanical stripping [125]. Meanwhile, graphene was recognised as the basic
building unit of sp2 carbon allotrope, including graphite, carbon nanotubes and fullerene.
Graphite is a stack of graphene which is held together by weak Van der Waals forces
[126]. In addition, graphene can wrap and roll up to form fullerenes and carbon nanotubes
[127].

2.2.3.2  Morphology

The arrangement of carbon atoms in graphene is the same as that of the single atomic
layer of graphite. There are four electrons in the outermost layer of a carbon atom, and
three of them generate a sp2 bond, with each carbon atom contributing an unbonded
electron located in the P track. The P-track of adjacent atoms is perpendicular to the
plane to form a p bond. The bond length between each two adjacent carbon atoms is
1.42x10"° m, and the bond angle is 120°. The P track perpendicular to the layer plane of

each carbon atom can form a large polyatomic p bond, like a benzene ring. Therefore,
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graphene has good conductive and optical properties [128], [129]. The graphene

structure under transmission electron microscopy (TEM) is shown in Figure 2.15.

Figure 2.15 The two-dimensional honeycomb structure of carbon atoms in graphene along with the

transmission electron microscopic (TEM) image [130].

2.2.3.3  Conductivity

In graphene, each carbon atom has 4 bonding electrons. In a two-dimensional plane,
three electrons bond with the other three adjacent carbon atoms, and this leaves one
electron that produces electronic conduction along the plane of the sheet. These highly
mobile electrons are p electrons, which are above and below the graphene sheet. The
electron mobility of graphene is very high and up to 15 000 cm?/V's at room temperature.
The resistivity is about 10° Q-cm [131]. Therefore, graphene has excellent conductivity

[132] compared with copper.
2.2.3.4  Mechanical properties

Due to the structure of graphene, as discussed above, graphene has good performance
in terms of mechanical properties. However, the in-plane bending stiffness is very low and
bending deformation occurs easily. The literature shows that graphene’s strength and
elastic moduli are 125 GPa and 1TPa, respectively [105]. Its strength is 100 times as high
as that of carbon steel. In addition, its density is much lower than that of steel and other
metallic materials. Therefore, graphene has been used as a typical two-dimensional

reinforcement in composite materials [132].
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2.2.3.5 Graphene nanoplatelets

Graphene nanoplatelets (GNPs) are flat sheets of multiple graphene layers. It is generally
produced by the exfoliation of graphite, a layered material, using mechanical or chemical
methods. [133]. The lateral dimensions are a few hundred nm to a few thousand nm, and
the thickness of GNPs is generally under 100 nm, depending on the production method.
The aspect ratio of GNPs can reach up to several thousand [134]. Like other carbon
nanomaterials, GNPs have excellent thermal and electrical conductivity. In terms of
thermal conductivity, unlike CNTs or carbon fibres, the platelet morphology provides a
lower contact thermal resistance at lower loading levels, resulting in higher thermal
conductivity [135]. Due to the high electrical conductivity, GNPs can substantially
improve the electrical conductivity of GNPs/polymer composites. Because of the high
aspect ratio, they also can form effective conductive networks at low loading levels, 1-5

wt.%, in most polymeric materials [136]-[138].

2.2.4 The application of carbon nanomaterials in CFRP
Epoxy resin, as the matrix of CFRP, has a highly crosslinked structure. As a result, CFRP
is brittle, which limits structural ability [139]. In addition, due to the low heat capacity and
conductivity of epoxy resin, the performance of CFRP is limited [140]-[142]. Therefore,
well-dispersed nanoparticles are introduced into the matrix (epoxy resin) to improve the
performance of CFRP [143]-[150]. In this section, the application of carbon nanoparticles
(CB, CNTs, and graphene) in CFRP is introduced.

Compared with pristine CFRP, CNT-modified CFRP has better performance for
mechanical properties such as higher compressive strength, bending strength, bending
modulus, and tensile strength. In addition, CNT-modified CFRP has higher
electromagnetic interference shielding ability [143], [148]-[150]. Due to the high
electrical conductivity, MWCNTs can enhance the electrical conductivity of CFRP to allow
structural health monitoring, primarily via the thickness direction [151]. When graphite
oxide and graphene nanoplatelets are added to the matrix, the additional toughening
mechanisms (crack bifurcation/pinning and separation between layers) are improved,

which can enhance the fracture properties of CFRP [146].
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However, there are comparatively few papers discussing the influence of CB on CFRP,
which is one of the research focuses of this project. However, there are some papers
discussing the influence of CB on epoxy resin, which can indirectly indicate the impact of
CB on CFRP. For example, Blackburn et al. [152] dispersed CB and silica nanoparticles
into epoxy resin. As the concentration of CB nanoparticles increases, the electrical
conductivity of the composite shows significant improvement. In addition, the conductivity
has a high sensitivity to the bending angle. Dungani et al. [153] collected CB from biomass
waste and blended it with epoxy resin. When CB concentration is between 1 wt.% and 5
wt.%, the fracture strength has obvious improvement. Ma et al. [154] manufactured
CB/epoxy resin composite by the blending-casting method. As CB wt. % increases, the

tensile strength will increase until 2 wt. % CB.

2.3 The dispersion of carbon nanoparticles in the matrix
The poor dispersion of carbon nanomaterials in the matrix is the main reason that
composite materials do not show the predicted performance. If the dispersion is low, i.e.
the nanoparticles aggregate together in the matrix, then they do not improve the
mechanical properties. In extreme cases, high aggregations can reduce the strength of
components due to the formation of stress concentrators [155]-{157]. Eshelby-Mori-
Tanaka made a simulation model which suggests that at a volume fraction of SWCNTs of
10% and along the fibre direction, Young’'s modulus (E) of the composite material should
be more than 20 times higher than that of the matrix [158]. However, the experimental E
is far lower than the predicted value. In addition, Gong and Dutaa carried out similar tests
with the same result, which was that the mechanical properties of composite materials
could t reach the predicted values [159], [160]. Both above samples have poor
nanoparticle dispersion. During the manufacturing of composite materials, carbon
nanomaterials show secondary agglomeration. In addition, when a load is applied to the
composite, stress will concentrate on the agglomerated carbon nanomaterials, and the
mechanical properties of the composite material will decrease [161]. As a result,
improving the dispersion of carbon nanomaterials in matrixes is critical. In this section,
the dispersion energy, re-aggregation, percolation, phase segregation, and quantitative

analysis of the dispersion are discussed.
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2.3.1 The dispersion energy
Dispersing nanomaterials into epoxy resin is a challenge. The Gibbs free energy can
explain it. The Gibbs free energy is a thermodynamic function that determines the
direction of a process in a thermodynamic sense. The Gibbs free energy change is

introduced to judge whether the process is spontaneous, expressed in Equation 2.1.

AG =AH —T-AS
Equation 2.1

Where 4G is Gibbs free energy change, 4H is the enthalpy change, T is the temperature, and 4S is the

entropy change. When DG is negative, the process is spontaneous.

In the mixing process, the mixing entropy contribution from the nanomaterial is generally
tiny. The main reason is the suspension is not a solution or mixture on a molecular basis.
Because of the high aggregation and low saturation, the diameter of nanoparticle
agglomerations in the mixture is between 1 and 100 nm. As a result, the nanomaterial
cannot have the same combinatorial relationship within the fluid as a solute has on a
molecular basis [162]. The nanomaterial is dispersed in another material, such as a colloid.
If the mixing process is to be spontaneous, the change of Gibbs free energy should be
negative. However, the entropy change DS is low when nanoparticles are dispersed in
epoxy resin. Therefore, the mixing process of epoxy resin and carbon nanomaterials is
not spontaneous. The mixing energy can be improved by using compatible agents such
as surfactants or high-speed stirring. However, surfactants can lead to a weak interface
[163].

2.3.2 The percolation of carbon nanoparticles
Broadbent and Hammersley proposed percolation theory in 1956 [164]. This model
described the movement of fluid in a disordered porous media. It was extended in 1973
when the Kirkpatrick-Zallen percolation theory described the formation of a conductive
network in mixtures of conductive and non-conductive particles [165]. When the volume
fraction of conductive nanoparticles is small, the conductive particles are isolated (if
uniformly distributed in the matrix). Therefore, the composite material is insulating. With
the volume fraction of conductive nanomaterials increasing, the conductivity of the
composite material has a negligible increase, as the particles are still isolated. However,

when the volume fraction of conductive nanoparticles increases to a critical value, the
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conductive particles start to contact each other, and the conductive network is formed at
this stage. As a result, the conductivity of the composite material increases suddenly, and
the value change can reach ten orders of magnitude. Strictly speaking, since the
conductive process occurs via electron tunnelling [166], the particles do not need to

touch but only need to be sufficiently close for the tunnelling probability to be high.

All of this assumes that the particles are uniformly distributed. This sudden change is the
“percolation region”, and this critical volume fraction is the “percolation threshold”. After
the percolation region, there is a slight change in conductivity as the volume fraction of
conductive nanoparticles increases. This model indicates that for spherical particles, a
minimum of 28 vol.% is required for percolation. However, the threshold concentration
depends strongly on the aspect ratio of the particles, and higher aspect ratios achieve

percolation at lower concentrations.

Taherian introduced a model to predict the electrical conductivity of polymer-based
carbon composites [167]. This model accounts for the changes in conductivity due to the
aspect ratio, the arrangement of the particles and the surface energy between particles
and the matrix. However, the above models do not consider the effect of electron
tunnelling. Payandehpeyman proposed a mean field, which is based on a tunnelling model
between nanoparticles [168] to address the above issue. In addition, this model can
predict the composite conductivity with random, segregated, or agglomerated structures

by changing the aspect ratio of the complex nanoparticles.

The above is demonstrated in polymer-carbon conductive composites, such as with CB,
CNTs, and graphene. When the concentration of the filler is low, there is no significant
change in the composite conductivity. However, when the concentration of filler reaches
the percolation threshold, the conductivity significantly increases, showing a sharp
increase in conductivity (6-10 orders of magnitude) [169]. Therefore, the percolation
threshold concentration is where the composite has a continuous conducting path
throughout the sample. In the percolation region, the conductivity (o) follows Equation 2.2
and Equation 2.3 [170].

c=a-(p—p)t Equation 2.2
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c=q-ee PP Equation 2.3

Where t is a critical exponent, p is the concentration, and pc is the percolation threshold concentration.

2.3.3 Re-aggregation and phase segregation

Literature shows that powerful interparticle van der Waals forces exist in CB, CNT and
graphene nanomaterials. Due to the strong van der Waals force, when carbon
nanomaterials are dispersed into the epoxy resin, they will have a noticeable tendency to
reaggregate in the matrix. The primary size of carbon nanomaterials can affect their re-
aggregation after dispersion. For example, if the primary size of carbon nanomaterial is
small, the carbon nanoparticles will have a high specific surface area. As the surface area
increases, the interaction energy will increase. As a result, it will need more energy to
avoid re-aggregation. In addition, the dispersion degree is influenced by concentration.
With the concentration of the carbon nanomaterial increasing, the inter-aggregate
attractive forces are lower. Therefore, the carbon nanomaterial is a challenge to re-
aggregate and has good dispersion in high concentrations. Besides the nanoparticle size
and concentration, viscosity also can affect re-aggregation. Epoxy resins generally have
high viscosity, which can reduce the re-aggregation speed of the nanomaterials [171]-
[173].

In addition, epoxy resins are thermosetting polymers. When the epoxy resin is heated, the
viscosity will be reduced, and the re-aggregation of nanoparticles will be increased.
However, the curing process of epoxy resin will accelerate at the same time due to the

high temperature [174].

The re-aggregation of carbon nanoparticles in the epoxy resin during the curing process
can be explained by phase segregation, which is an upper critical solution temperature
(UCST) type phase behaviour (see Figure 2.16) as curing proceeds from low molecular
weight oligomers to high molecular weight polymer, as indicated by the arrow. As the
system cures and the monomer is converted to polymer, the configurational entropy
rapidly decreases as the monomer is incorporated into the chain. Thus, the entropy of
polymer molecules is vastly smaller than that of the monomers from which it was made.
This loss of entropy drives phase segregation as polymer forms. There is thus a critical

molecular weight, where the carbon nanoparticles are no longer miscible in the resin. The
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phase segregation is also influenced by the method of polymerisation. For step-growth,
as in epoxy-amine systems, the monomers are converted to dimers and trimers, and then
trimers and tetramers and the total number of molecules decreases as the mass of the
molecules increases. This results in no longer being a sea of monomers present, and no
large polymers are created until high conversions occur. Consequently, in a step-growth
polymerization, phase segregation is generally seen at the late stages of the reaction,
where viscosity has a significant impact on the kinetics of phase segregation. The most
pinned phase-separated structures, such as polyurethane, are seen in step-growth

systems[175].

[
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Figure 2.16 The schematic representation of carbon nanoparticles/epoxy resin in the phase diagram (solid

line) and Tg(dashed line)

Meanwhile, during the curing process, the two-phase region will expand, and the critical
point in the UCST will increase. At some point, the critical temperature will pass the
experimental temperature and phase segregation will start. In addition, the Flory-Fox
equation indicates that the glass temperature will increase on curing [176]. The crossover
point between the UCST line and the Tg line is Bergman's point [177]. Once the
composition reaches this point, there will be no further phase segregation between
carbon nanoparticles and resin as the system is now vitrified into a glass.

2.3.4 Quantitative analysis of the dispersion of carbon nanoparticles: fractal

dimension analysis.

Researchers used different methods to analyse carbon nanoparticle dispersion

quantitatively. For example, Luo and Koo [178] calculated the statistical distribution of
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nanoparticles by integrating the probability density function (PDF). The larger the spacing
between integration boundaries indicates the better distribution. Bryan et al. measured
the free-path spacing between nanoparticles and particle dimensions to analyse the

dispersion quantity and agglomeration quantity, respectively [179].

In this project, a mathematical model, fractal dimension analysis, is used to quantify the
dispersion. Some researchers have used this model in the study of nanoparticle
dispersion[180]-[182].

2.3.4.1 Introduction of fractal geometry

Fractal dimension analysis focuses on fractal geometry. Fractal geometry is different from
classical Euclidean geometry, where all shapes are regular, like squares, rectangles,
triangles, circles, etc. Fractal geometry is a new branch of geometry that describes
irregular shapes observed in nature, such as snowflakes, clouds, and leaves. All these
shapes can be regarded as the result of continuous division according to a specific
iteration. Figure 2.17 shows Classic fractal geometry, which is evident in the Sierpinski
triangle. In the second triangle, there are three reduced copies of the first triangle. In the
third triangle, there are three reduced copies of the second triangle. This rule is used in

all later triangles [183].
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Figure 2.17 Stages of the Sierpinski triangle adapt from [184]
The features of fractal geometry [184]:
Fractals have infinite detail, can be constantly enlarged, and have fine structure.

1. Fractals have similarities. Fractals can be seen as composed of many similar parts

but different in size.

2. They are not combinations of regular shapes. They cannot be described by
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Euclidean geometry.
3. Simple recursive and iterative methods can usually generate fractals.

As aresult, carbon nanoparticles can be described by fractal geometry. Fractal dimension

analysis can be used to analyse the dispersion of carbon nanoparticles.
2.3.4.2 Introduction of fractal dimension

In classic geometry (Euclidean geometry), the dimension of an object is integer and
specific. However, this is inappropriate for fractal objects that do not have integer
dimensions. In 1919, Hausdorff proposed the Hausdorff dimension, which defines non-
integer dimensions for fractal geometry [185]. Compared with classic Euclidean geometry,
a fractal’s most striking property is that it possesses structure at all scales, no matter how
far one zooms in. The object’s fractal dimension can quantify its geometry's complexity,
scaling properties, self-similarity, and the effective ratio of surface area to volume [186].
In 1967, Mandelbrot [187] used fractals to determine the degree of geometric irregularity

present in the coastline of Britain.

The Fractal dimension is a measure of complexity, which quantifies how a fractal pattern’s
detail changes with the scale at which it is measured. When the fractal dimension
increases, the fractal geometry fills up more space. When the fractal dimension is
between 1 and 2, the fractal pattern changes from a straight line (fractal dimension is 1)
to a wiggly line (fractal dimension is 2). This wiggle can fill a 2D-dimensional plane. For
example, a Koch snowflake's fractal dimension is 1.2619 [188]. However, when the fractal
dimension is between 2 and 3, the object is usually three-dimensional but does not fill
space. It is more space-filling than a flat surface (fractal dimension is 2) but less complex
than a solid volume (fractal dimension is 3). For instance, the fractal dimension of broccoli,
a 3D percolation-by-invasion cluster, and the regular Brownian surface are between 2 and
3 [189]-[191].

Mass fractal dimension and surface fractal dimension

Generally, the fractal dimension can be classified into a mass fractal (Dm) or a surface
fractal (Ds). A mass fractal dimension measures how the mass of a fractal structure

changes with its size. It is always less than the dimension of the fractal object’s space.
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Therefore, the value of Dm lies between 0 and 3. With the fractal structure growing, the
growth speed of the mass is lower than that of the volume. As a result, the density of a

fractal object is not constant but decreases with increasing size [192].

In terms of a surface fractal (Ds), this measures how the surface area of a fractal changes
with its size. If a surface structure is constant and not affected by length scale, it is self-
similar, and this surface can be considered fractal. In this case, the surface area of an
object with radius (r) is proportional to Ds. Ds is between 2 and 3 for a surface fractal in
three-dimensional space. The former means that the surface is very smooth, and the latter
means that the surface is filled [192], [193].

In conclusion, the Dy, quantifies the change in the mass of a fractal with its size, while the
Ds indicates the change in the surface area of a fractal with its size. In other words, Dn
gives the density of the fractal filling space, while Ds gives the roughness of the surface
[192].

2.3.4.3 The application of fractal dimension in the dispersion quantification of

nanoparticles

As fractal dimension can be used to describe irregular objects, it can also describe
dispersion [194]. As the fractal dimension increases, the dispersion of nanoparticles is
more space-filling. Literature shows how the fractal dimension can be used to quantify
the dispersion of nanoparticles. For instance, Karasinski [195] reported the dispersion of
zinc oxide in epoxy resin. Kanniah [196] examined the aggregation of titania and ceria in
ethanol. Liang [194] discussed the influence of dispersants on the dispersion of CNTs in

water. Morozov [197] analysed the dispersion of CB in rubber.

The fractal dimension serves as a simple approach for quantifying the dispersion of
nanoparticles. Its adaptability allows for analysing optical and electron microscopy images
across multiple length scales. This innovative method sidesteps the drawbacks of
previous techniques, including excessive dependence on diverse probability distribution

functions and reference samples [198].
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2.3.4.4 The application of fractal dimension in the dispersion quantification of

nanoparticles

The fractal dimension is usually used to describe irregular objects. For instance, it can be
used to characterize the morphology and surface roughness of material cross-sections.
It can reflect whether a particular structure is dense, dispersed, compact or dispersed
[199]. The dispersion of nanoparticles is often related to the size, shape, and distribution
of nanoparticles in the system. Therefore, it is inferred that the fractal dimension is related
to dispersion [194]. With the fractal dimension increase, the dispersion of hanoparticles
is better. Some literature uses the fractal dimension to quantify the dispersion of
nanoparticles. For instance, Karasinski [195] reported the dispersion of zinc oxide in
epoxy resin. Kanniah [196] examined the aggregation of titania and ceria in ethanol. Liang
[194] discussed the influence of dispersants on the dispersion of CNTs in water. Morozov

[197] analysed the dispersion of CB in rubber.

The fractal dimension serves as a simple approach for measuring the distribution of
nanoparticles. Its adaptability allows for precise analysis of both optical and electron
microscopy images with multiple scales, such as micro, meso, and nano levels. This
innovative method sidesteps the drawbacks of previous techniques, including excessive

dependence on diverse probability distribution functions and references [198].

2.4 The curing technology

2.4.1 Introduction
Curing adds curing agents into epoxy resins to transform their linear structure into a 3D
crosslinking network. As a result, the molecular weight, morphology and crosslinking
density of the epoxy resin will be changed, and the physical and chemical properties will
be improved [200].

2.4.2 Arrhenius relationship for chemical reactions.
As the curing process of CFRP involves non-isothermal kinetics, the n-th order kinetic

model (see Equation 2.4). In 1899, the Swedish chemist Svante Arrhenius created the

Arrhenius equation depending on activation energy and the Boltzmann distribution law.
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The Arrhenius equation is a function that shows the influence of temperature on reaction

rate [201], [202]. The Arrhenius equation is shown in Equation 2.5.

da

dt Equation 2.4

Eq
k=A-eRT Equation 2.5

Where k is the reaction rate constant; A is a constant value; Ea is the amount of energy reaction required;
R is the ideal gas constant (8.3145 J/(mol-K), and T is the temperature in Kelvin.

The equation shows that as the temperature increases, the reaction rate will increase.
Because at higher temperatures, the probability of two molecules colliding is higher [203].
Another way to improve the reaction rate is to decrease the activation energy. In a
chemical reaction, Ea is the height of the potential barrier separating the products and
reactants [204]. Catalysts can effectively “reduce” Ea value without being consumed. As
a result, when reactants react with catalysts, the required Ea is lower than that in the
original reaction. In addition, the same quantity of consumed catalysts is produced during

the reaction process[205], [206].

As a result, high curing temperatures and catalysts can effectively reduce the curing cycle.
2.4.3 Traditional manufacturing methods
In this section, there are some traditional curing methods are discussed, including room

temperature curing and heated curing methods (Oven and Autoclave)
2.4.3.1  Room temperature curing

Resins can be cured at room temperature. The cure time depends on the type of resin
and hardener, as well as the mould size. In the curing process, the resin and hardener are
mixed, and the viscosity of the mixture quickly increases. The state will change from liquid
to sticky and to stiff. Finally, the resin will be cured at room temperature [200]. However,

the curing cycle is very long at room temperature, which commonly takes 1-2 days.
2.4.3.2 Oven

Anindustrial curing oven is used for heat treatment. By accelerating the chemical reaction

rate, ovens can improve the properties of materials. If the resin maintains a high
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temperature in the oven, the cure time of the resin will sharply decrease, and the resin will

be more robust and more stable [207].

e Advantages
Firstly, ovens can provide high temperatures with lower energy consumption compared to
autoclaves, as they generally have a lower thermal mass than an autoclave with an
equivalent internal volume [208]. Secondly, ovens usually cost much less than autoclaves.
Finally, the service and maintenance costs of an oven are far lower than those of

autoclaves [209].

e Disadvantages
Compared to autoclaves, samples cured in an oven, even under vacuum, have higher
void content. As a result, mechanical properties are inferior [210]. Compared to other
curing mechanisms, ovens also have a higher energy requirement and slower cycle times

than hot presses.
2.4.3.3 Autoclave

Autoclaves are primarily of two different types: medical autoclaves and composite
autoclaves. Medical autoclaves use pressurised steam to sterilise surgical instruments at
high temperatures, 120-140 °C [211]. Compared with dry heat, moist heat is more reliable
in destroying microorganisms and spores as it transfers heat more effectively. These
sterilisation autoclaves are widely used in hospitals, universities and manufacturing
facilities [212].

However, composite autoclave is used to manufacture composites. Under the vacuum
state, the autoclave uses procedures such as heating, pressurization, and insulation to
provide a uniform and high temperature and pressure to manufacture composite products

with complex shapes and large volumes [213]-[215].

Autoclave moulding is a manufacturing process for thermosetting composite materials.
The heat and pressure needed in the curing process are from autoclaves. During
manufacturing, fibres and thermoplastic matrices are laid on the mould in a specific
sequence. Fixing glue is sprayed on the surface of each fibre sheet to ensure materials
will not move. Then, laminate materials are put into a vacuum bag to expel the entrapped

air between the layers. The whole assembly is moved to the autoclave, where the matrix
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can be evenly and effectively dispersed to complete the curing process by increasing
temperature and pressure [216], [217]. The inside and outside structures of autoclaves
are shown in Figure 2.18.
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Figure 2.18 The (a) outside and (b) inside the structure of autoclaves [216].
e Advantages

Compared with ovens, autoclaves have some advantages. At first, autoclaves can reduce
void components to less than 1%. In addition, when permeable high-viscosity resins are
used in the manufacturing process, better surface quality, high interfacial adhesion, and
wettability of reinforced fibres can be achieved [210].
e Disadvantages

However, autoclaves also have disadvantages. The cost of an autoclave is very high, and
the size is limited. The cycling time is long, and the labour intensity is high, which leads to
low production efficiency. Besides the high cost of manufacture, autoclaves need to have
a good heating and pressurising system or the composite materials cannot be cured well
[210]. During the manufacturing process, the original materials and mould must be able

to endure high pressure and temperature.
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2.5 New manufacturing methods - Direct electrical curing (DEC)
Direct electrical curing (DEC) for manufacturing conductive composite materials has
been developed. Conductive composites (carbon fibre) have good electrical conductivity.
When the current goes through the “resistance”, it will create Joule heat, which can
provide energy and successfully cure the material from the inside of the material. The use
of nanocarbon composite resins as conductive composite matrices for electrical curing
has increased in recent years. The experiment results from Joseph and Viney [30] show
that current going through carbon fibre can produce heat that can successfully cure
carbon fibre/epoxy resin composite materials. Mas et al. recently developed a method of
thermosetting curing by joule heat of nanocarbon for fabrication, repair, and welding of

composite materials [218].

Direct electric cure, or Joule heating, is the process whereby the intrinsic conduction of
the carbon fibre allows the fibre to act as a resistive heater. As current passes along the
fibre, it heats up, curing the matrix. Whilst most studies have naturally concentrated on
passing current along the fibre [29], [219], it is possible to pass currently perpendicular

to the fibres without incorporating conductive nanoparticles [28].

Lee [220] reported that DEC achieved a 99% energy saving compared with autoclave
with no noticeable change in the cured samples' physical or mechanical properties.
Fukuda et al. [28] introduced DEC (or Joule Heating) to fabricate thermoset CFRP parts.
Utilising two different contact arrangements and vacuum consolidation, they performed
through thickness and edge-to-edge heating. Collinson et al. [219] used DEC to cure
prepreg with vacuum consolidation for large areas. A sample size of 700 x 2000 mm with

16 plies thick prepreg was prepared.
2.5.1.1  Working principle

Electrodes are connected to the ends of an epoxy resin containing conductive particles,
and electric power is applied to it. When the current passes through the epoxy resin, the
network of conductive particles will generate heat. As a result, the temperature of the
composite sample (epoxy resin containing conductive particles) will increase. The
increase in temperature can be controlled by adjusting the power transferred to the

conductive particles, such as by changing the voltage and current. [218].
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Figure 2.19 Schematic of electrical curing working principle [218]
2.5.1.2 Advantages

Compared with autoclave and oven curing, in DEC, most of the heat energy converted
from electrical power can be applied in the curing of samples. However, in the autoclave
and oven curing process, there is energy loss by conduction and convection in mould and
samples [30], [218]. In addition, compared with the other two curing methods, electrical
curing can heat the matrix more evenly, and a more even distribution of the matrix can be
found. It is possible to achieve a crosslinking gradient near each fibre. The three-point
bending test shows that electrically cured samples can maintain about twice the fracture

strain and have stronger energy absorption [29].
2.5.1.3 Disadvantages

Compared with traditional manufacturing methods (oven and autoclave), DEC has
specific requirements for operation and materials. Electrically insulated tools are required
for operation. The electrodes should come into contact with or within the materials to

create an electrical circuit [29], [221], [222].

DEC generates Joule heat to cure samples. So, the material should be conductive. In the
electrical curing process, there may be an uneven temperature distribution. The
temperature of positions close to electrodes is often higher. In addition, the resin flow in
uncured CFRP samples can affect the thickness distribution and resistance distribution.
As a result, the power distribution will be influenced, which will lead to a non-uniform
distribution of DoC in the sample. In addition, during the curing process, the resin will

generate lots of heat. Due to the non-uniform distribution of cure speed, the non-uniform
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distribution of DoC will be more and more obvious, especially in large components [223]-
[225].

2.6 New manufacturing methods with open mould or non-mould.
Traditional manufacturing methods of CFRPs, including autoclaves and ovens, must use
specific moulds tailored to product requirements, which are typically constructed from
aluminium, steel, or other metals and are characterized by their long service life, high cost,
and environmental impact [4]-[7]. Consequently, for low-volume or custom products, the
mould costs can be a significant cost of the product. It presents a substantial challenge

in the cost-effective production of CFRPs.

Alternative and innovative manufacturing methods have been investigated to overcome
the above issues. In this section, two manufacturing methods are introduced: additive
manufacturing (AM) and incremental forming, including single-point, SPIF, and double-
point, DPIF.

2.6.1 Additive manufacturing (AM)
Additive manufacturing (AM) is one of the famous novel manufacturing methods. Additive
manufacturing can directly create CFRP parts without moulds. A wide variety of
production processes for continuous fibres have been used. Fused deposition modelling
(FDM) [8]-[11] and selective lamination composite object manufacturing (SLCOM) [12],
[13] are two popular methods in AM. Therefore, these two methods are discussed in this

section.
2.6.1.1  Working principle

Here, the working principles of FDM and SLCOM are discussed.
e The working principle of the FDM method

There are two different approaches. The first one is the conventional FDM process (see
Figure 2.20). Prepreg filament is supplied in spools and fed into the extrusion head. The
extrusion head has a temperature controller that can help heat the prepreg and convert

it into a semi-solid state. The material is then printed layer by layer to create the desired
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geometric features. Because there are few changes compared with the traditional FDM,

it is regarded as the simplest method [11].
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Figure 2.20 Schematic illustration of conventional FDM Process [11]

Besides the conventional FDM process, there is a new method (see Figure 2.21). The
fibres and matrix are separated until reaching the printing head. The two materials are
mixed in the printing head. This new method makes mixing flexible. However, it comes

with a challenging printhead setup. Air entrainment should be avoided through precise

control during fibre penetration [10].
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Figure 2.21 Schematic of the new FDM for CFRPs [10].
e The working principle of the SLCOM method

The preheated thermoplastic matrix roll is fed into the print bed and cut cleanly with an

ultrasonic cutter. A nozzle sprays the waxy substance on areas which do not require
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lamination. A heated pressure roller melts the thermoplastic matrix to ensure complete
impregnation and applies pressure to consolidate the layers. Then, the feed roller is
advanced so that the waste material from the cutting is wound onto the take-up roller,
and the new material can be placed on the bed. The above steps are repeated until the
required plys are reached. Finally, all areas with the waxy substance are removed, and

the fine products can be collected [12].
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Figure 2.22 Schematic representation of SLCOM [12]
2.6.1.2 Advantages

First of all, there is no requirement for moulds, which can save a lot of money. As a result,
the products can be customized easily. In addition, the complicated inside structure of
products can be manufactured by AM. AM can maximize material utilization due to zero-
waste manufacturing. It can significantly reduce the manufacturing time and energy

consumption [226].
2.6.1.3 Disadvantages

Compared with the traditional manufacturing methods, the fibre volume fraction of CFRPs
manufactured by FDM is lower. Because the high fibre volume fraction will clog the nozzle
and cause the building process to fail [227]. Due to the occurrence of triangular gaps
between the printed track, a high void rate is common in FDM [17], [228]. In terms of
SLCOM, besides the high void rate, due to the low adhesion between the layers, the

possibility of delamination between layers is increased [13].
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2.6.2 Single-point incremental forming (SPIF)
The single-point incremental forming (SPIF) method is a novel manufacturing method that
uses cheap open moulds instead of expensive closed moulds. In 1967, Leszak [229]
proposed it and filed the patent. After that, SPIF is widely used in sheet metal forming
[19]-[22]. Nowadays, more and more research on SPIF in FRPs is being conducted. For
example, Emami et al. [24] used SPIF with a ceramic infrared heater under the sample to
manufacture polyamide 6 (PAG) sheets reinforced by glass fibres (GF). Okada et al. [25]
reported a SPIF of CFRPs using forming punches and localized optical heating. Cedeno-
Campos et al. [26] used a copper tool with a heater controlled by a CNC system to

achieve SPIF manufacturing CFRPs.
2.6.2.1  Working principle

In the SPIF process, computer-aided design models and computer numerical control
(CNC) codes are used to form various parts with different geometry. Then, the workpiece
is clamped with a fixture. The CNC machine tools are implemented by moving tools along
a specific path, which is formed by CNC codes [230]. The schematic of the SPIF process
is shown in Figure 2.23.

Forming tool
Blank holder

¥

e . Sheet
A\ __

Fixture

L T

NN

Figure 2.23 The schematic of the SPIF process [230]

2.6.2.2 Advantages

Single incremental forming can quickly and cost-effectively manufacture CFRP parts with
different complicated geometry, which does not need high cost in the mould and setup
time [231]. In addition, due to direct contact, energy consumption is significantly lower

than that of traditional manufacturing methods [232].
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2.6.2.3 Disadvantages

However, though SPIF does not require expensive closed moulds, it still needs open
moulds to support the materials and avoid bad deformation during the manufacturing

process [20].

2.6.3 Double-point incremental forming (DPIF)
To achieve mould-free, as with the improved SPIF technology, double-point incremental
forming (DPIF) is proposed. It has been widely used in sheet metal forming and is matured
[27], [233]-[235].

2.6.3.1  Working principle

In the DPIF working principle, the open mould in SPIF is replaced by a tool stylus, which
is the same as the top one. It is used to support the material. The top tool is a forming tool,
which has the same function as that in SPIF.
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Figure 2.24 The schematic of the DPIF process [230]
2.6.3.2 Advantages

Compared with SPIF, DPIF can deliver CFRP manufacturing without any mould. In addition,
two tools in DPIF can provide more process control, especially in terms of surface quality,

formability, and geometric accuracy of the part.

2.7 Conclusion

Though the application of DPIF in sheet metal forming is matured [27], [233]-[235], the
study of it in FRP is absent. As a result, this thesis discusses the study of DPIF
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manufacturing in the CFRPs. In addition, due to the limitation of heating the bulk with
heated tools, an electrical curing method is considered. Two tools in DPIF and a DC power
supplier form a DEC system. Carbon fibre is inherently conductive and can act as its own
heating element. This DEC can be leveraged to produce a low-energy, highly controllable
curing process that directly heats the composite part [28]-[30]. However, due to the high
insulation of matrix (epoxy), the resistivity along fibre R11 and R22 (0.022 m{Q-m) is much
lower than that when passing through laminated layers of R33(310 mQ-m) [31], [32].
Carbon nanoparticles are added to improve the electrical conductivity of the epoxy resin.
Due to the influence of carbon nanoparticles, the dispersion of carbon nanoparticles in
epoxy resin is discussed first. Then, the impact of carbon nanoparticle concentration on
CFRPs and the DEC in CFRP sheets is discussed. The detail is shown in the next section

(methodology).
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Chapter 3 Methodology

In this section, the raw materials, different composite manufacturing methods, and

different properties testing experiments are discussed.

3.1 Raw materials of CFRP

In this project, there are three main components in CFRP. They are epoxy resin as a matrix,
carbon nanomaterials (CB, CNTs, and graphene) as fillers, and carbon fibre as a

reinforcement.

3.1.1 The epoxy resin system
The epoxy resin has two reagents, epoxy and hardener, which are termed part A and part
B. They need to be mixed by a specific ratio for the cure. The cured material is commonly

termed “epoxy resin”.
e The epoxy (part A)

The epoxy used in this project is IN2 epoxy infusion resin (IN2 resin) from Easy
Composites Ltd. It is a modified infusion epoxy resin. The main components of it are
Bisphenol A diglycidyl ether and phenolic epoxy resin F-44. Compared with traditional
monomer epoxy, it has extremely low viscosity to ensure that it can quickly and effectively
infuse through a range of reinforcements. Due to comparatively low viscosity, the carbon
nanomaterials can be easily dispersed into the resin. In terms of physical properties, IN2
resin is a viscous liquid at room temperature but becomes significantly less viscous upon

heating it.
e The hardener (part B)

The epoxy resins are polymerized by curing hardeners. In this project, the AT30 slow
hardener (AT30S) is chosen as the curing hardener from Easy Composites Ltd. The main
components of it are Isophoronediamine and Poly(propylene glycol) bis(2-aminopropy!
ether). Compared with the AT30 fast hardener, it has a lower viscosity, though the cure
time is longer. It is liquid at room temperature and is easy to incorporate into the resin. At
room temperature, IN2 resin/AT30S can be cured in 24 hours. AT 60 °C and 100 °C, it

takes 6 hours and 3 hours, respectively (the data is from the supplier [236]).
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3.1.2 Carbon nanomaterials
This work has researched three main carbon nanomaterials as fillers in the matrix. They

are carbon black, carbon nanotube, and graphene.
e (Carbon black (CB)

CB used is "Carbon black, acetylene, 100% compressed” from Alfa Aesar Ltd. The CAS
number is 133-86-4. The density of CB is about 2.1 g/cm® at 20 °C. The electrical
conductivity is about 5.58%102 Q-m [237].

e Carbon nanotubes (CNT)

The CNT used is MWCNT-COOH 95% with 10-20nm outer diameter (OD), and the CAS
number is 308068-56-6. The density of CNTs is about 2.2 g/cm?® [238]. The electrical
conductivity is about 104 Q-m [239].

e Graphene

The graphene used is PureGRAPHTM 20 from First Graphene Ltd, CAS number
1034343-98-0. The graphene's platelet size is about 20 um. The tapped density of this
graphene is 0.251 g/cm?3[240].

The electrical conductivity of carbon nanomaterials is affected by temperature, pressure,

structure and other factors. So, the above electrical conductivity data is merely a guide.

3.1.3 Carbon fibre
The carbon fibre used is 2x2 twill 3k carbon fibre cloth carbon supplied by Easy
Composites Ltd. The carbon fibre is a TR 30S 3L manufactured by PYROFIL™ [241]. Its
areal weight and density are 210 g/cm? and 1.79g/cm? respectively. The filament diameter
is 7 um. The manufacturer’s data sheet gives the tensile strength and modulus as 4120
MPa and 234 GPa, respectively [242].

In terms of DPIF manufacturing, because the CFRP products manufactured are flat plates,
the requirement of drapability is low. As a result, the 2x2 twill weave carbon fibre is used
in this project. A high drapability weave such as harness satin weave would be preferable

in future work.
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3.2 Carbon nanomaterial/epoxy resin composite sample preparation
To analyse the different methods to disperse carbon nanomaterials in epoxy resin, CB is
dispersed into IN2 resin/AT30S with four different methods (manual stirring, magnetic
stirrer, overhead stirrer, and ultrasonication) and different mixing times. Finally, the optimal
combination (mixing method and time) was used in the dispersion of CNTs and graphene

in epoxy resin.

3.2.1 The fabrication process of CB/IN2 resin composite
The 30 g IN2 resin was added to a disposable plastic cup. CB was weighed out and added
to the IN2 epoxy resin. The IN2 and CB were mixed by manual premixing for 30 seconds.
In this process, the CB particles can be wet out, and particle splashing can be avoided.
Then, the dispersion method is given for the specified time. After that, a 9 g AT30S was
added to the mixture and remixed for the specified time. The detail can be seen in Table
3.1. For example, 1+1 mins indicates adding CB to IN2 resin and mixing for 1 minute.
Then AT30S was added to the mixture and mixed for another 1 minute. Subsequently, the
mixture with well-dispersed CB nanoparticles is degassed in a vacuum chamber for 10-
30 minutes until no bubbles are seen in the mixture. Finally, it is poured into specific
moulds (see Figure 3.6(a)) and heated in the oven (UT 6200 Thermo Fisher Scientific Inc.
Waltham, USA) for a specific time and temperature. The preparation process is shown

schematically in Figure 3.1.

Finally, the optimal combination of the mixing method and mixing time in CB dispersion
was used to disperse CNT and graphene into IN2/AT30S. In terms of the mixture with

well-dispersed carbon nanoparticles, the fabrication is the same as that in CB/IN2 resin.

Table 3.1 The table of the different mixing times and methods.

Mixing methods Speed CB+IN2 stirring time (mins) | CB+IN2+AT30S stirring time (mins)
1 1
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Figure 3.1 The fabrication process of CB/IN2 resin composites.

3.2.2 The four different mixing methods
This work discussed the four different dispersion methods (manual stirring, magnetic
stirrer, overhead stirrer, and ultrasonication) used in this project. The fabrication process
can be seen in Figure 3.1. Before using different mixing methods, the IN2 and CB were

mixed by manual premixing for 30 seconds to avoid particle splashing.
e Manual stirring

The IN2 resin and carbon nanomaterial are mixed in a plastic cup by a wooden stirrer for
1, 2, or 4 minutes with hands. Then, the hardener is added to the mixture and remixed for

the same stirring time.
e Magnetic stirrer

The magnetic stirrer is one device for mixing the mixture. It is combined with a magnetic
stirring bar and a mechanical plate [243]. The mechanical plate is composed of an
electromagnet driver and a heating element. The electromagnet driver can drive the
magnetic stirring bar to rotate in liquid and mix the mixture. The magnetic stirring bar is
generally bar-shaped, whose cross-section is usually octagonal or circular. There are also

various special shapes for magnetic stirring bars to mix in different containers stably and
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efficiently. To avoid contamination or reaction with the mixture, a PTFE coating is applied
to the bars. When PTFE is not suitable due to high temperature or chemical attack, glass
will be an alternative [244]. In addition, the heating element can heat the liquid during the

mixing process to increase the mixing efficiency [245].

In this work, the magnetic stirrer used is a CD162 hot plate stirrer (see Figure 3.2) from
Stuart Ltd. In the mixing process, a 1 cm length magnetic stirring bar is placed in a plastic
cup to mix the mixture. The stand support fixes the cup. First, the CB/IN2 resin mixture is
mixed by the stirring bar at 1200 rpm for 3, 6, and 12 minutes. Then, AT30S is added to

the mixture, and the mixture is remixed to the same stirring speed and time.

Figure 3.2 CB is dispersed into IN2 resin by the magnetic stirrer.

e Overhead stirrer

An overhead stirrer is a mechanical stirrer used to stir solutions. One overhead stirrer
consists of a stand and a motor which controls the stirring time and speed. The motor is
connected to a stirrer and drives it to stir the liquid. According to the different requirements,
the stirrer is anchor, bladed, flat blade turbine, split blade, etc. Under the high rotation
speed, the overhead stirrer can generate a very high shear speed. Meanwhile, there will
be a vortex that draws agglomerates and aggregates into the cutting head and breaks
them with shear force [246]. The experiment showed that the shear mixing technology is

more energy-saving and efficient than ultrasonication technology.
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In this work, the overhead stirrer used is “Hei-TORQUE Value 100" from Heidolph

Instruments. The stirrer is pitched-bladed.

In this project, the steel propeller stirring bar was used to mix carbon nanomaterials and
IN2 resin. The carbon nanomaterials and IN2 resin were added into a plastic cup with a
specific weight. Then, the top of the stirring bar was immersed in the mixture at about 1
cm distance from the bottom of the cup. The overhead stirrer stirred the mixture at 900
rpm for 1, 2, or 3 minutes (see Figure 3.3). Then AT30S was added to the mixture and

remixed for the same stirring speed and time.
In addition, Equation 3.1 can calculate the output power of the overhead stirrer.

60
P=r-G_m) Equation 3.1

Where t is torque (N-m), and n is the rotation speed (rpm).

The rotation speed in this project is 900 rpm. The torque is about 550 N-cm maximum

torque at 900rpm. So, the output power is about 51.8W for this project.

Figure 3.3 CB is dispersed into IN2 resin by the overhead stirrer
e Ultrasonication

Ultrasonication is a common dispersion technology in the preparation of polymer
composites. It disintegrates agglomerates and aggregated fillers into small particles and
disperses these in the polymer [247]. The ultrasonic mixer has a metal probe with

piezoelectric materials at the tip. The metal probe is placed in the liquid, and when an
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electric current is applied to the detector, it begins to vibrate and causes cavitation.
Ultrasonic cavitation refers to the dynamic process of growth and collapse when the
sound pressure reaches a specific value [248]. In this process, sound waves propagate
into the liquid medium in alternating high-pressure (compression) and low-pressure
(rarefaction) cycles. In low-pressure cycles, tiny bubbles will form. However, in high-
pressure cycles, these bubbles will collapse and create local shock waves, which release
large amounts of localised mechanical and thermal energy [249]. Cavitation can produce
a high-velocity liquid jet of up to around 600 mph. The high-pressure jet liquid between
particles can separate particles. In addition, small particles will move violently under the
shock of jet liquid and collide with surrounding particles, which can result in the
decomposition of particles [250]. In conclusion, ultrasonication can effectively disperse,

deagglomerate, and fine-grind nanoparticles.

In this work, the ultrasonicator used is a “model 120 sonic dismembrator” from

Fisherbrand™. Using Equation 3.2 can convert amplitude to power.

Preai = Prax A? Equation 3.2

Where Pra is the real (actual) ultrasonication power applied to the sample, Pmax is the maximum

ultrasonication power that the ultrasonicator can use, and A is the amplitude of ultrasonication.

The maximum ultrasonication power of the model 120 sonic dismembrator is 500W. In
this work, the amplitude of ultrasonication used is 40%. So, the actual ultrasonication
power is 80W. When an ultrasonicator mixes carbon nanomaterials and epoxy resin, it will
generate heat. However, this heat will accelerate the curing reaction of the epoxy resin.
To avoid this situation, the mixing vessel was placed in a room temperature or ice water
bath, and a thermocouple monitored the temperature of the mixture. A duty cycle was
employed with an “on time” set to 20 seconds and “off time” set to 10 seconds (a 67%
duty cycle) to avoid a high temperature of the mixture. In addition, the mixture container
was placed in an ice water bath and mixed by the magnetic stirrer at 1200 rpm speed to
boost water flow around the mixture container and increase heat transfer speed. The

detail is shown in Figure 3.4.
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Figure 3.4 CB is dispersed into IN2 resin by ultrasonicator.

In this work, the carbon nanomaterials and IN2 resin are added into a plastic cup with a
specific weight. Then, the top of the ultrasonicator bar is immersed in the mixture at about
1 cm distance from the bottom of the cup. The ultrasonicator mixed the mixture at 40%
amplitude for 2, 3, or 4 minutes (see Figure 3.4). Because the ultrasonicator releases lots
of heat, the mixture is stirred again for 2 minutes to avoid high temperatures and the
composite curing. During the ultrasonication process, the ultrasonicator degasses the
mixture. There are no bubbles in the well-blended mixture. It can be directly poured into
silicone moulds without the degassing process, and the moulds are placed in the oven to

finish the curing process.

After mixing, except for the mixture mixed by ultrasonicator, all well-blended mixtures were
degassed by a vacuum pump. Finally, they were poured into specific moulds and cured in

an oven with a specific temperature and time.

3.2.3 Measuring the conductivity of the carbon nanomaterial/resin composite

e The silicone mould design

Initial measurements of the resistance were made via a resistance probe on the surface
of the fully cured sample. However, when IN2/AT30S resin with carbon nanoparticles is
cured, there is a layer of insulating resin at the top surface. Thus, this method is therefore
ineffective. (This suggests the epoxy resin has the lower surface energy.) Therefore, a

new method is proposed.
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First, 3D printing is used to print an ABS mould, which is shown in Figure 3.5. CR1 Easy-
Lease Chemical Release Agent (Easy Composites Ltd, Stoke-on-Trent) was sprayed on
the inside surface of the mould to avoid sticking. Then, the AS40 addition cure silicone
rubber (Easy Composites Ltd., UK) was mixed by hand with the AS40 catalyst in a plastic
cup with a wooden spatula for 1 minute. The component ratio was 10:1. A vacuum pump
degassed the mixture, and the degassed mixture was poured into moulds and left at room

temperature for one day to cure.

P

Figure 3.5 An ABS positive mould printed by 3D printing

Figure 3.6 (a) The silicone mould without the composite and (b) with the composite in the oven.

The degassed IN2/AT30S/CB epoxy mixture is poured into silicone moulds, where the
copper sheets are preplaced at the two sides (see Figure 3.6(a)). The width of the copper
sheet is 16mm; this is sufficiently wide to allow for a reproducible electrical connection
between the terminals and the carbon black in the resin. Additionally, a wider strip is
preferred to determine the cross-sectional area between the contacts without significant
fractional uncertainty. The flow of electrons is expected to follow the electric field lines
and, as such, will diverge a little in the middle of the sample. A wider strip means this
deviation does not significantly contribute to the conductive path. Thus, the resistivity can

be calculated based on the cross-sectional area of the contact. When the sample is
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cured, there is a large connection between the copper sheets and the sample (see Figure
3.6(b)). Therefore, the average resistivity can be figured out. The profile size of the mould
is 50x20%x12 mm (LxXWxH), and the inside size is 40%10x7 mm (LXWxH).

e The measurement of resin resistance

When the ohmmeter measures resistance, all resistance in the circuit is measured,
including the sample resistance and resistance of the electrical cable between the sample
and the ohmmeter. Generally, the wire resistance can be ignored (a few ohms per 100
meters). However, if the connection cable is very long or the resistance of the subject is
very small, the resistance wire will cause a large measure error [251]. To solve this
problem, four-terminal sensing is introduced. In four-terminal sensing, there are four
cables. Four cables create two circuits. One circuit measures the current, and another
circuit measures the voltage. The end of each of the two cables is connected with an
alligator clamp. The half jaws of clamps are insulated from each other, and only subject
resistance is in contact with the tip of the clamp. Therefore, the current through the
“current” jaw does not pass the “voltage” jaw, and there will not be any induced resistance
along its length [252]. Compared with traditional two-terminal sensing, four-terminal
sensing separates the current and voltage electrodes to eliminate the influence of

resistance of connection wires [253].

Current >

Load under
test

—1 1
< abgyop >

66dd

< Current

Figure 3.7 The four-terminal sensing setup for measurement [254]

In this project, a BK Precision 2841 ohmmeter (see Figure 3.8) is used to measure the
resistance of the sample via the four-terminal sensing principle. This ohmmeter has an

extensive measurement range between 1uQ and 100 MQ with a high precision of 0.01%.
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In addition, its temperature measurement range is between -10 °C and 99.9 °C, with an

accuracy of 0.3%.
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Figure 3.8 BK Precision 2841 resistance meter

Electrical resistivity is introduced to analyse the electrical property of a material, which is
a fundamental property of a material that estimates how strongly it resists electric current.

Equation 3.3 converts resistance to resistivity.

P‘I.k

Equation 3.3

Where p is the resistivity of the sample, R is the resistance of the sample, A is the cross-sectional area of

the sample, and L is the length of the sample.

3.3 The resistance and temperature measurement methods for
CB/IN2/AT30S nanocomposites

In this section, the resistance and temperature changes of CB/IN2/AT30S

nanocomposites during the curing process are discussed.

3.3.1 LabVIEW to record resistance and temperature changes.
In this project, the resistance is measured by the BK Precision 2841 resistance meter, and
temperatures are measured by K-type thermocouples, which are connected to the Pico
USB TC-08 Thermocouple Data Logger. To record the change of resistance and

temperatures of samples during the curing process, the resistance meter and data logger
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are connected to the PC and controlled by a LabVIEW program. This program (see Figure

3.9) can record the resistance and up to 8 position temperatures every 2 seconds.
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Figure 3.9 The front panel of the resistance and temperature recording LabVIEW program
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Figure 3.10 The project code of resistance and temperature recording LabVIEW program

3.3.2 The resistance and temperature changes of carbon nanomaterial/IN2 resin
composite during the curing process

To discuss the influence of temperature on composite resistivity in the curing process,
four different isothermal curing temperatures (70, 130, 150, and 170 °C) are examined.
Two cables are connected to the two copper sheets at the two sides of the silicone mould,
and one thermocouple wire is inserted into the mould, as shown in Figure 3.11(a). Another
end of the cables and thermocouple wire is connected to the resistance meter and data
logger to record the resistivity and temperature changes along the curing cycle (see

Figure 3.11(b)), which is recorded by the LabView program (see section 3.3.1).
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Figure 3.11 (a) The setup of temperature and resistance recording of sample in the oven (b) diagram of the
set-up employed.

3.3.3 The influence of stirring temperature on resistance of carbon nanomaterial/IN2

resin composite

To determine the stability of carbon nanomaterials in IN2 and AT30S, the carbon
nanomaterials are mixed with IN2 and AT30S in a glass beaker in an oil bath at three
different temperatures (85, 115, and 130 °C). Two thin copper cables are placed at
opposite two sides of the beaker and held in place by clips. An overhead stirrer stirred the
mixture at 900 rpm for 8 minutes, and the resistance was measured. The mixing is
subsequently stopped, and the evolution of the resistance is monitored. The critical factor
here is the stability of the resistance in the resin components, not the absolute value of
the resistivity. Figure 3.12 shows the test setup. As neither the effective cross-sectional
area of the wires nor the effect of the conductive path around the non-conductive stirrer

can be determined, accurate resistivity values cannot be reported.
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Figure 3.12 The setup of the stirring temperature influence test.

3.4 The prepreg of CFRP with different CB wt.%

This section includes two parts (matrix modification and hand layup for prepreg) to
manufacture the prepreg of CFRP with different CB wt.%. The schematic of the

manufacturing process is shown in Figure 3.13.

, oy

S HEHoE—- BERE

Mixing carbon black Pre-Mix carbon black Overhead stirrer Pouring hardener ~ Overhead stirrer
and IN2 resin and IN2 resin mixing mixture into mixture mixing mixture

l

— — [

Hand lay-up prepreg composite Degassing in vacuum

manufuacturing

Figure 3.13 The schematic of matrix modification and prepreg manufacturing process

3.4.1 Matrix modification
The 100g IN2 resin was mixed with 0,1,2,3 wt.% CB in epoxy matrix. First, a wooden
stirrer was used to combine 100g IN2 resin and CB in a disposable plastic beaker for 30
seconds to avoid aerosolizing the CB and wetting out the particles. The CB/IN2 resin
mixture was mixed by an overhead stirrer ("Hei-TORQUE Value 100" (Heidolph
Instruments, Germany)) at 900 rpm for 10 minutes. Then 30g AT30S (30% of the IN2
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resin) was added to the mixture and mixed for 3 minutes at the same speed with the
overhead stirrer. Before the hand layup operation, this mixture was degassed under

vacuum for about 30 minutes until no bubbles could be seen in the mixture.

3.4.2 Prepreg manufacturing
Hand layup was used to manufacture the composite “prepreg”. Compared with infusion,
hand layup has clear advantages, such as a simple process and low infrastructural
requirements. However, hand layup suffers from poor repeatability in terms of fibre volume
fraction. Therefore, the sample was subjected to vacuum consolidation to improve
repeatability in fibre-volume fraction. Resin infusion could have allowed the fibres to filter
out the CB to some extent, which may cause the CB particles to spread out unevenly. In
hand layup method, first, to avoid the laminate sticking, CR1 Easy-Lease Chemical
Release Agent (Easy Composites Ltd, Stoke-on-Trent) was sprayed on the surface of the
glass sheet. Then, one layer of carbon fibre (160x160 mm) was placed at the surface of
the glass. A brush uniformly spread the prepared degassed CB/IN2/AT30S
nanocomposite out on the surface of the carbon fibre. The last two steps were repeated
until the required layers of carbon fibre were stacked (4 layers for tensile tests and 15
layers for bending tests) since the thickness requirement of the two tests is different.
Finally, 170 x 170 mm release film and vacuum breather were placed on the top sample
in order. A vacuum bag was used to cover the whole mould, and vacuum tape was used
to seal it. A vacuum pump degassed the sample for about 15 hours (overnight) at room
temperature and de-moulded it to collect the prepreg. The carbon fibre is 2x2 twill 3k
carbon fibre cloth carbon. The DoC of “prepreg” is 62%, as measured by DSC (see

section 3.16). Figure 3.14 shows the schematic of the hand layup setup.

(4) (5) (6)
(7)

1 @ @) \

\

Figure 3.14 The schematic of the hand layup setup (1: vacuum bag, 2: vacuum tape, 3: release agent, 4:

hand layup composite sample, 5: release film, 6: vacuum breather, 7: vacuum inlet)
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3.5 The traditional manufacturing methods

In this section, three different traditional manufacturing methods (oven, autoclave, and

heat press) were introduced to cure epoxy resin and CFRP samples.

3.5.1 Oven
The ovenis UT 6200 (see Figure 3.15) from Thermo Fisher Scientific Inc. (Waltham, USA).
This unit is ideal for laboratory, prototype, and industrial composite production, with a
temperature range of up to 300 °C. UT 6200 features an enhanced digital control system
to ensure accuracy and reliability. The interior dimension of the oven is 50x65%55 cm
(LxWxH).

k. |

Figure 3.15 The UT 6200 oven

When curing the epoxy resin and CFRP samples, the curing temperature and time are
different according to the various requirements. The temperature increase rate is 3 °C/min.
When curing the CFRP samples, an external vacuum pump reduced the pressure in the
bagged samples to consolidate them. As determined by the dial gauge, a pressure of -

0.8 bar gauge, 0.2 bar absolute, was maintained throughout the heating cycle.

3.5.2 Autoclave
The autoclave used in this project is AC052 Autoclave (see Figure 3.16) from Premier

Autoclaves Service and Solutions.
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Figure 3.16 The AC052 Autoclave

According to the different requirements, the curing temperature and time for CFRP
manufacturing are different. The temperature increase rate is 3 °C/min. The pressure of

the sample is 6 bar.

3.5.3 Heat press
The heat press used is Moore Hydraulic Heated Platen Press (George E Moore & Son
Ltd, UK), which provides 20 tons maximum load. West 6100+ digital temperature
controller (Gurnee, America) is the heat resource controller to heat the steel plates that
contact the top and bottom surface of samples and heat them, which is shown in Figure
3.17.
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Figure 3.17 The heat press

In this case, when curing CFRP samples, the pressure of the sample is 2.1 MPa to control
the thickness to about 4mm. According to the requirements, the curing temperature and

time are adjusted. The temperature ramp was 3 °C/min.

3.6 Direct electrical curing (DEC) with different electrode contact
A PS1540S SMPS (Rapid Electronics, UK) (see Figure 3.18) provided electrical power to
the DEC, which can provide a 15V maximum voltage and 40A maximum current. The
voltage was manually adjusted to around 10-15V to maintain the sample temperature of
60-70 °C. A hydraulic press (section 3.5.3) gives a 2.1 MPa pressure to samples by

compressing to increase the carbon fibre fraction and reduce the void rate of the sample.
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p 40 mm

Figure 3.18 The PS1540S SMPS

Four different configurations were tested to study the effect of contact arrangement on
conductive resin DEC. Copper sheets were inserted to a depth of 1 cm to create contact
with the samples, and then the electrode cables were connected to the copper sheets.
Figure 3.19 illustrates the schematic of the various electrode contact arrangements, as

well as the positive and negative electrodes of the power.

——(-) Power (+)

(+) Power (-)

Outside-Outside

Outside-Inside

| _I_—|
N EEEE— )
| S Power
| (_)
(-) Power (+) I—l
Inside-Inside Top-Bottom

copper sheets and copper wires)

Figure 3.19 The schematic of different contact arrangements in DEC manufacturing (one thick red bar in
the schematic is 5 layers of carbon fibre and conductive resin). The gaps between the layers are not present

in the samples. They are shown to aid clarity in the positioning of the electrodes. The thin red lines are
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3.7 The resistance and temperature measurement methods for
CFRP with 2 wt.% CB in the matrix during the DEC process

3.7.1 Resistance measurement during the DEC process
In the DEC process, the bench power supply PS1540S SMPS has a digital screen to show
the voltage and current. According to Ohm's law, the resistance (R=U/I) of specimens can
be calculated. Due to the low resistance, the resistance influence of copper sheets and

cables is ignored in the calculation.

3.7.2 Temperature measurement during the DEC process
To study the temperature distribution during the DEC process in four different contact
modes, there are 7 thermocouples (one is in the centre of the top surface, one is in the
centre of the bottom surface, and five are in the middle layer) were used to record
temperature change with time by USB TC-08 thermocouple data logger (Pico Technology,

UK). The schematic is shown in Figure 3.20.

@

(a) (b)

Figure 3.20 The schematic of thermocouples distribution in samples at (a) middle cross-section (b) middle
layer (the thin and thick red bars are 7 layers and 8 layers laminate respectively, and purple circles are

thermocouples (1-top centre, 2,3-left middle, 4-centre middle, 5,6-right middle, 7-bottom middle)).

3.8 Double-point incremental forming (DPIF) machine

3.8.1 Introduction
Dr. Victor M. Cedeno-Campos and Dr. Pablo A. Jaramillo created the CNC prototype and
original control code. The CNC prototype was designed to control the movement and
temperature of forming tools by a CNC machine and transfer heat energy to the sample

by compressing. In theory, when forming tools that apply heat to a single point, heat
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transfer causes the temperature of the surrounding area to rise, initiating the curing
process. When the forming tools move to this area, the area is fully cured, or the DoC is
very high. In addition, this CNC machine can manufacture different shapes of
thermosetting material without a mould by adjusting the external pressure at various

positions.

However, this CNC prototype has some drawbacks in this curing method. Due to the low
heat conductivity of CFRPs in the through laminate direction, when heating the surface of
CFRPs, the increasing temperature in the middle is far lower than that in surfaces which
connect the heat resources. The exothermic curing polymerisation reaction in CFRP
manufacture releases heat. As a result, the heat release on the surface of CFRPs will
increase due to a high increase in the rate of temperature. This positive feedback process
can lead to over-curing, degradation of the resin and even combustion in extreme cases.
Meanwhile, due to a low increase rate of temperature in the middle area of samples, the

DoC could be very low. Thus, curing was slow, and DoC control was difficult.

As a result, electrical curing is used in this project. According to the project requirement,
the bench power supply, load cell, and thermocouple were added to the machine. In the
new DPIF machine, there are some components (structural frame, CNC controller,
communication, data acquisition, force control, temperature monitor, clamp, and power

supplier). Figure 3.21 shows the components and structure of DPIF.

62



Monitor and control

WEHO 5-350-24 CNC controller x-pro v1

Switching Power| Supply

%

ey

PS15405 bench power

. ‘}\ Copper tools and

thermocouples

TC-08 Thermocou
data logger

1L
LabVIEW
ple

SS9 carbon fibre

S0Kg load cell (LCM systems) The same with top one

Almmibnim vipport

Sample clamp

Figure 3.21 The component and structure of DPIF (the red arrows represent physical connections between

elements)

3.8.2 Structural frame
The structure of movement tracks is made of aluminium extrusion with V slots, where the
wheels can stand on the slot (see Figure 3.22). Compared with an electrical rail guide, it
is actuated by mechanics, which makes it easy to operate and has low-cost advantages.
All wheels are driven by three different-direction step motors, which are connected to a

CNC controller. However, positional accuracy is sacrificed for speed of operation.

Figure 3.22 The wheels on a V slot frame
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Figure 3.23 MT-2303HS280AW motor (MOTECH MOTOR CO., LTD., China)

3.8.3 CNC controller
The CNC control panel is the core component of the CNC machine. It controls all stepper
motors, and each stepper motor derives movement in one direction. There are two kinds
of controllers (open-loop and closed-loop controller), which are used to monitor the
movement trajectory of motors. Compared with the closed-loop control panel, the open-
loop control panel does not have a feedback function. But it has easy operation and low
cost [255]. In this project, the controller is xPro V1. xPro V1 (see Figure 3.24) is a new
open-loop GRBL-compatible all-in-one stepper driver board with 4 motor controllers for
XYZ and 1 clone [256]. GRBL is an embedded, high-performance software designed to
control the motion of machines that move, create, or both. In addition, G code can be
interpreted by GRBL and generate motion control signals for the CNC machine [257]. As
a result, in this project, the CNC motion is controlled by G code. The interaction between
the software and the controller is facilitated via a USB port, which is accessible on any

computer.
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Figure 3.24 xPro V1 driver board

3.8.4 Communication-LabVIEW software
LabVIEW software was used to achieve the communication between the G code and the
CNC controller. The G code can be sent to the CNC controller to be executed by LabVIEW
serial communications functions (e.g., Visa Configure Serial port). For instance, when
sending a G code (“G21 G91 GOX10”) to the controller, the tool will move 10 mm on the
X-axis. Figure 3.25 shows the generation of the command. It is only a simple command
to show the working principle. The actual commands are more complicated than this one,
which will be shown later. In this way, it is possible to control the machine to perform
displacements and set different parameters, such as speed or the origin of the work

coordinate system.
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Figure 3.25 The G code command for 10mm movement in the x direction in LabVIEW
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In this project, there are two modes (manual control and automatic control) in
communication. Dr. Pablo A. Jaramillo provides the primary codes. According to the

project requirements, the codes are modified.
e Manual control

In manual control, the speed and acceleration of tool movement and the original point of
tools in the XYZ direction can be set. In addition, tools can move a specific distance in
XYZ direction. The relative G code will be shown in the execution window when it is
executed. The control panel can be seen in orange boxes in Figure 3.26. Figure 3.28
shows the block diagram of manual control for the top tool. The bottom tool uses the same

block diagram.
e Automatic control

In the Automatic control, the movement path of tools (G code) can be created as a txt file
when the txt file is imported into LabVIEW. The tools will automatically move according to
the movement path provided by the txt file. Considering the importance of pressure and
cure time in the curing process, this project added the load monitor and feedback in the
system, which is discussed in section 3.8.6. After tools move to a specific position in the
XY plane, the tops will move in the Z direction to compress the sample until the target
load is reached and keep it for a specific duration. Then, the tools will move in the Z
direction to release pressure and move in the XY plane to the next point. Figure 3.27
shows the front panel of automatic control. The XY graph can monitor the movement path
of tools in the XY plane. Due to the complexity of the block diagram of this automatic

process, it is not shown.
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3.8.5 Data acquisition
Generally, a data acquisition system has a sensor, data acquisition hardware, and a PC
with relative application software. A sensor is a device that converts physical changes like
temperature and load to measurable analogue signals. However, these signals cannot be
read by a PC. Therefore, data acquisition is used as the bridge between the PC and the
sensors. It can convert analogue signals to digital signals that the PC can recognize.
Finally, these signals are analysed by application software to visualize and store
measurement data [258]. In this project, two data acquisition systems (load and
temperature) were used, which are discussed in section 3.8.6 and section 3.8.7,

respectively.

3.8.6 Force control
Generally, the load data acquisition needs a combination of hardware and software, which
includes a load cell, signal conditioning to amplify the signal, and a data acquisition device
to measure and digitalize the signal. Commonly, data acquisition devices integrate both
signal conditioning and data acquisition into a single hardware unit. National Instruments
offers readily accessible and user-friendly DAQs specifically designed for force-sensing

applications [259].

In this project, a 50Kg STA-4 (LCM systems, UK) was connected to the copper tool to
monitor the pressure value of the copper tool. This load cell is based on a piezoelectric
sensor, which will generate a proportional voltage when it is deformed under an external
load. Compared with traditional sensors, it has higher accuracy, a wider frequency range,
and a wider measurement range for the load. In addition, Piezoelectric sensors are more
durable than traditional sensors. They can withstand significant impacts and extreme
temperatures and operate in different environments [260]. However, the electrical charge
generated from the sensor is small, which makes it difficult to measure. As a result, the
signal should be amplified before being collected. NI cDAQ-9171 is a compact data
acquisition which can amplify and collect signals from the sensor. LabVIEW is used to

record data from DAQ.
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Figure 3.29 The copper tool connected with a 50 Kg STA-4 load cell.

3.8.7 Temperature monitor
Two K-type thermocouples were inserted into the top and bottom of the copper tools (see
Figure 3.30) to avoid high temperatures of the copper tools and the sample burning. The
basic principle of K-type thermocouple temperature measurement is that two conductors
of different compositions form a closed loop. When there is a temperature gradient across
the circuit, current will flow through the loop. According to the relationship function
between thermoelectric electromotive force and temperature, the temperature can be
determined[261]. To avoid shorting when the electrical current is applied, the exposed

part of the thermocouples is generally covered by heat shrink tubing to get insulation.

Figure 3.30 The top copper tool is inserted with a K-type thermocouple (the structure is the same as the

bottom copper tool). The black cable is the thermocouple covered by heat shrink tubing.
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The ends of thermocouples are connected to the TC-08 Thermocouple data logger (Pico
Technology, UK), which can connect up to 8 thermocouples at the same time. The data
logger connects a PC, and data are collected by the LabVIEW program (see Figure 3.31).
In this program, the temperatures of 8 thermocouples can be monitored and recorded at
the same time. In addition, based on the Arrhenius equation and n-th order curing reaction
equation, this program can calculate the DoC and heat flux change depending on
temperature and time. It can help monitor the DoC changes of the sample during the
curing process. The establishment of the Arrhenius equation and n-th order curing

reaction equation is discussed in section 3.11.
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Figure 3.31 The front panel of the temperature monitoring program in LabVIEW
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Figure 3.32 The block diagram of the temperature monitoring program in LabVIEW

3.8.8 Clamp
Thermosetting materials manufacturing systems ensure the laminate conforms to the

mould using different methods. Autoclave and RTM manufacturing methods use a double

mould, and VARTM uses a single mould, which constrains the laminate's freedom.

In this project, no mould was used. The left and right sides of the laminate are clamped to
confirm there is no extreme deformation during the manufacturing process. In addition,
the curing method used in this project is electrical curing. To avoid conductivity, all clamp
materials contacting the laminate are Teflon. The bottom of the laminate contacts a Teflon
film. In terms of the top, the left and right sides are fixed by Teflon bars and bolts. The

laminate is supported by a steel support, which is under the Teflon film. Figure 3.33 shows

the structure of the clamp.
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Figure 3.33 The structure of the clamp

3.8.9 Power supply
The core of the DPIF manufacturing method is electrical curing. A PS1540S SMPS power
supply (Rapid, UK) is used to provide electrical power, which has a high-power switch
mode power supply housed in a lightweight and compact enclosure with digital LED
displays for voltage and current readings. It can provide 15V, 40A, and 600w maximum

power.

In this project, the top tool and bottom are connected to the positive and negative
electrodes of the power supply by red cables. There is no communication function in the
power supply. According to the temperature changes, the power is manually adjusted by

a knob. Figure 3.34 shows the structure of it.

(+)

(-)

1

(b)

Figure 3.34 (a) The top copper tool is connected to an electrical cable, and (b) the schematic of the

connection between the sample, tools, and power supply.
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3.9 DPIF manufacturing

3.9.1 The manufacturing process of DPIF
Section 3.8 discussed the working principle of the DPIF machine (CNC machine). In this
section, the manufacturing process of DPIF is discussed. The samples of 15 layers or 5
layers of carbon fibre samples are used to examine flexural properties or tensile properties,
respectively. First, 160160 mm “prepreg” with 2 wt.% CB in the matrix is prepared by
hand layup, which has been discussed in section 3.4. The prepreg is fixed by the clamp
(see section 3.8.8). Then, according to the previously imported G codes, the tools move
in the XY plane. The interval between two adjacent points is 10mm, which is the radius of

the tool. The movement path of tools is shown in Figure 3.35.
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Figure 3.35 The movement path of tools

When tools move to one point, the tools will start to move in the Z direction to compress
the sample until the load is over 160N. Then, the bench power provided a 6-7A current
for 90 seconds to cure the sample by Joule heat. If the current is too high, the temperature
of copper tools will rapidly increase and be over 1000 °C. The samples will be burned in a
few seconds. The top tool temperature rises rapidly and is held at around 80 °C during
this process. After 90 seconds, the tools move away from the sample in the z direction,

the pressure is released, and the tools move to the next cure point.
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Figure 3.36 The manufacturing process of DPIF

3.9.2 Temperature monitoring during the DPIF process
Two different methods were used, K-type thermocouples and a thermal imaging camera,

to monitor the temperature of the sample during the DPIF process.
o K-type thermocouples

The K-type thermocouples connect a Pico USB TC-08 Thermocouple Data Logger,
whose data was collected by the LabView program, which has been discussed in section
3.8.7. There are three thermocouples placed at the top, middle, and bottom positions of
a fixed point in the sample. This point is 30 mm away from the first curing point. As a result,
the temperature changes at a single point can be recorded during the curing process. In
addition, two thermocouples were inserted into the top and bottom copper tools to
monitor tool temperature and avoid high temperatures and sample burning. Figure 3.37

shows the schematic of the thermocouple distribution.

. 30mm Curi}g start point
DATA
logger

Figure 3.37 The schematic of the thermocouple distribution
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Figure 3.38 The copper tool and thermocouple (thermocouple is 10 mm away from the surface of the tool)

e Thermal imaging camera

The thermal imaging camera used in this project is an E4 thermal imaging camera from
FLIR Ltd. (US), which can measure objective temperature from —20°C to 250°C with +2°C.
It was used to observe the temperature distribution in the sample surface during the

curing process.

3.10 Numerical simulation by Abaqus

3.10.1 Introduction
Numerical simulations are calculations run on a computer that follows a procedure that
implements a mathematical model of a physical system. The finite element method (FEM)
is a common numerical simulation method. FEM is a general numerical method for solving
partial differential equations (i.e. boundary value problems) in two or three spatial
variables. To solve the above issues, finite elements subdivide large systems into smaller,
simpler parts called finite elements. It is achieved by a specific spatial discretization
(meshing) in the spatial dimensions, which is achieved by constructing a grid of objects:
a numerical domain of solutions which has a finite number of points. The finite element
method of boundary value problems culminates in a system of algebraic equations. This

method approximates a function over the domain [262].
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In this project, Abaqus conducted a numerical simulation to analyse the heat transfer of
CFRP during the DPIF process. This section discussed how to build a finite element

analysis (FEA) model.

3.10.2 The geometry of the FEA model
The geometry of the material (see Figure 3.39) is created by the “part” module. The
dimension of it is 120x120x4mm (LxWxT). To set different cure points, the “partition face”
function is used to separate the surface of the material into many circles with 20 mm

diameter. The centre point distance between two adjacent circles is 10 mm.

Figure 3.39 The geometry of material built by Abaqus.

3.10.3 The material properties
The properties of CFRP are shown in Table 3.2. The density data is from the physical
properties section (see section 3.13). The thermal properties (heat capacity and thermal
conductivity along the thickness (kss)) are data measured by LFA 467 Hyper Flash from
NETZSCH (Selb, Germany), which is a laser flash analyser. The thermal conductivities
along the fibre (k11 and kz.) are difficult to measure. As a result, this data was referred to
in the literature [263]. The thermal conductivities across the fibre (ki and k) are the

conductivity of the resin [264].

Table 3.2 The properties of CFRP used in the numerical simulation. Values for k71 and k22 are taken from
references [263], [264]

Properties Density (kg/m® | Thermal capacity (J/(kg-k) Thermal conductivity (W/(m-K))
Value 1388 1440 Ki1 =7 ka2 = 7 kss = 0.48
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3.10.4 The boundary condition of material
To simulate the DPIF process, the boundary conditions are repeated in steps. The
boundary condition refers to the experiment data. In terms of one step, the top and bottom
surface temperature of a heating circle with a 20mm diameter, which is created in
geometry, is from 45°C to 160°C in 90 seconds. Then, the heat resource moves along the
specific moving path. The moving path of the heating circle (adding boundary condition)
is the same as the moving path of tools in the DPIF process. The surrounding temperature

is 20°C with a 20W/(m?K) film coefficient.

3.11 The establishment of the curing reaction kinetic model

3.11.1 Introduction
The curing reaction dynamic model can be classified as the n-th order reaction model
and the autocatalytic model. The n-th order reaction model is used in non-isothermal
solidification kinetics study. However, in terms of the autocatalytic model, due to the
several parameters required, it is used in isothermal solidification kinetic study. In this
project, the n-th order reaction model (Equation 3.4) and the Arrhenius equation
(Equation 3.5) are used to discuss the CFRP manufacturing process.

da_

. _ n
=k d-a

Equation 3.4

Equation 3.5

Where k is the rate constant; R is the gas constant [8.314 J/(mol K)]; T is the temperature in Kelvin; o is the

degree of reaction; t is the time in seconds.

3.11.2 Kissinger equation
The Kissinger equation (Equation 3.6) was used to calculate the parameters of the
Arrhenius equation [265]. When n is close to 1, the model more closely represents the
data. In terms of a given DSC curve with the heating rate (8), the maximum reaction rate

at the peak temperature (7,) can be observed. A Kissinger plot can be obtained by plotting
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the quantity of In(8/T,?) against 1/T, for a set of DSC curves with different heating rates.
In this project, there are four heating rates were used (10, 15, 20, and 25 °C/min). The
slope of the Kissinger plot can be used to determine A and Ea by slope and intercept of
the fit line [266].

BY . (ARy E,
{72 _1n<Ea )_R-T Equation 3.6

3.11.3 Crane equation
When Ea/n-R >> 2Tp, the Crane equation (Equation 3.7) can be simplified as Equation 3.8,
and the n value can be calculated by the slope of the fit line in Inf3 against In(1/ Tp) plot
[267].

d(np)  E,
ar,™h G2 Equation 3.7
d(np) K,
ar,™h “n-R Equation 3.8

3.12 Microstructure
To analyse the microstructure of carbon nanomaterials (CB) and carbon nanomaterial
(CB)-modified CFRP, electron microscopes (SEM and TEM) were used. In addition, an
Optical microscope was used to observe the distribution of carbon nanoparticles in
carbon nanomaterial/IN2/AT30S composites. The images from the optical microscope
were analysed using the fractal dimension method to evaluate the dispersion of carbon

nanoparticles.

3.121 TEM
An R005 300kV C-FEG TEM/STEM (Figure 3.40) from JEOL Ltd. (Tokyo, Japan) is used,
which is a type of transmission electron microscope (TEM). It has two aberration
correctors and a cold field-emission gun (C-FEG) to achieve ultra-high resolution and
better energy resolution. It can provide a spatial resolution of nearly 0.05nm (0.5A) for
analysing materials, as well as the ability to image and perform spectroscopy on single
atoms [268].
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Figure 3.40 An R005 300kV C-FEG TEM/STEM [268]

The setting for analysing the microstructure of CB is shown below. A 300kV accelerating
voltage, with a 35um condenser aperture, a spot 1 alpha 3 Gun, with settings of A1 at
2.9kV and A2 at 4.6kV, is employed. The sample is prepared by dispersing a few mg of
powder in ethanol using a mortar and pestle. One drop of the resulting suspension is
added to a 3mm diameter holey carbon support film. The solvent is allowed to dry at room

temperature before insertion into the microscope.

3.12.2 SEM
An Inspect F FEG SEM from FEI company (Oregon, USA) is used to collect the SEM
images. It is a stable platform for research needs, with an easy-to-use interface allowing
for accurate and fast data collection. It can collect surface and compositional images, as
well as perform fast elemental analysis to determine material properties and elemental

composition [269].
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Figure 3.41 An Inspect F FEG SEM [270]

The setting for analysing the microstructure of CB nanoparticles is shown below. The
setting is a 2kV accelerating voltage, an aperture of 6 or 7 (smallest), giving a spot size of
2.5 (small). The sample is mounted by dry dispersion on a carbon adhesive pad and
coated with 5nm of evaporated carbon (to ensure good electrical contact and reduce

surface charging under the electron beam).

When analysing the microstructure of CB nanoparticle-filled CFRP, there are few
operations for sample preparation. First, a Simplimet 1000 metallurgical mounting press
(Buehler, USA) (see Figure 3.43)was used to mount CFRP. The hot mount compound
used is conductive bakelite. The machine settings are shown below. The heating time is
2 minutes and 10 seconds. The cooling time is 4 minutes. The pressure is 290 bar. Finally,
the cylinder samples (see Figure 3.42) with 32 mm diameter and 12 mm height were
collected. Then, the surface of the sample was polished by an Automet 250 pro (Buehler,
USA) (see Figure 3.43). The samples were polished with p400, p800 and p1200 grit paper

for 1 minute, 27N external load and 150 rpm speed.

The sample was mounted by dry dispersion on a carbon adhesive pad and coated with 5

nm of evaporated carbon. This coating was applied to ensure good electrical contact and

81



reduce surface charging under the electron beam. The settings in the microscope were

a 15 kV accelerating voltage, an aperture of 6 or 7 and a spot size of 3.

Figure 3.42 SEM samples

i §

‘!ﬁﬁw T\r ¥ Sample position

Figure 3.43 A Simplimet 1000 metallurgical mounting press
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Figure 3.44 A Automet 250 pro

3.12.3 Optical microscope
A thin layer of sample is placed on a glass slide. An Olympus BX50 microscope (Olympus,
Japan) with 10x magnitude is used to observe the structure of carbon

nanomaterial/IN2/AT30S composites.

3.12.4 Fractal dimension method
This analysis is performed as the distribution of carbon nanoparticles in the epoxy resin
could be considered a multiscale fractal system. Approximately nanoscale particles
connect, forming fractal assemblies. These assemblies form aggregates which create
conductive networks [271]. As a result, the fractal dimension value is used to assess the
dispersion of carbon nanoparticles in epoxy resin. In addition, some researchers have

used fractal dimension methods to analyse the dispersion of nanoparticles [180]-[182].

In these optical microscope images, the light area is epoxy resin rich, and the dark area
is carbon nanoparticle rich. A differential box-counting method is used to calculate the
fractal dimension, described below. Optical microscope images (1024x1024 pixels) are
rescaled to 256 greyscale thresholds. A 3D space is created with x and y representing
the position in space and z representing the grey scale value (0-255) of the corresponding
(x,y) point. The images were separated into smaller grids, with the length (r) of each grid

box being 2" (1<n<10; thus x =y = 2 to 1024) pixels. As a result, there are ten images
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with different grid box sizes. In each of these ten images, the maximum difference of grey

value (n,) in each grid box is calculated (see Equation 3.9).

max — min
= r Equation 3.9

Where n: is the maximum grey value difference, max is the maximum grey value, min is the minimum grey

value, and r is the size of the box.

For the smallest box size, the difference is high, and this reduces as the re-boxing

averages out the contrast between the pixels.

In each image, the sum of the maximum difference grey value (n;) or the total number of
boxes is N.. As a result, the box dimension value (D;) under a specific grid scale can be
calculated. Considering the influence of the pixel size of the image, the reciprocal of the

box size is replaced by the image length (L) divided by box size, L/r (see Equation 3.10).

IgN,
p, = 8

lg% Equation 3.10
Finally, the least squares method was used to fit the box dimension value (D;) under

different grid scales and determine the image’s fractal dimension (D).

The calculation of fractal dimension value was processed in MATLAB. The MATLAB codes

are shown in Figure 3.45.
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function fd=box_frac_dem(P);
% Difference box dimension
P=double(imread( C:\CB\CB3.5_033(before)_1@x.png")); %the path of image
if size(P,1)~=size(P,2); %M*N dimensional image, check whether M and N are| egual
error('The size of X must NxN.')
end
L=size(P,1);
if mod(log2(L},1)>8;
error('The size of X must 2°n'); %The size of the image must be 2 raised to the Nth power
end
t=log2(L); ¥Assuming the image size is 256%256, then t =10
s=2."(1:t); % s = 2,4,8,16,32,64,128,256,512,1824 Find the power of 2
Nr=zeros(1,t);
for k=1:t;
d=s(k); %Set grid side length
h=L/d; % Let B instead of 256 for the size [2"nX2"n]
for m=1:h;
for n=1:h;
A=P(d*{m-1)+[1:d],d*(n-1)+[1:d]); %Divide into chunks and store to A
mn=min{A(l:end)); #minimum grey value
mx=max{A(l:end)); Hmaximum grey value
nr=tix({mx/d)-fix(mn/d)+1; *Integer process
Nr(k)=Nr(k)+nr;
end
end
end
r=L./s;
a=logl@(r)
b=logl@(Nr)
plot(a,b)
p=polyfit(logla(r),logl@(Nr),1); %least squares fitting
fd=p(1);

Figure 3.45 The MATLAB codes for fractal dimension value calculation

The experiment indicated that as the dispersion improves, the fractal dimension

approaches 3, while high particle aggregation distributions provide values around 2. The

process of the binarization of the microscope image and the calculation of fractal

dimension is shown in Figure 3.46.
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Figure 3.46 The fractal dimension analysis process when the CB is 3 wt.% (the scale bar in images is
0.05mm).

3.13 The physical properties of CFRP
Physical properties are significant and determine the performance of materials in many
fields. In this project, AccuPyc Il 1340 (Micromeritics Ltd, UK) (see Figure 3.48 (a)) is used
to measure the density of laminates via helium pycnometry and the Archimedes principle.
The pressure of purge fill and cycle fill is 19 psig (1.31 bar). The measurement of each
sample is repeated five times at room temperature. Due to the high permeability of helium
molecules, they rapidly fill pores as small as 0.1 nm in diameter. As a result, the calculated
density can be regarded as particle density (pparicie). According to the density of laminate,
carbon fibre, and matrix (the supplier provides the last two), the volume and mass fraction

of fibre can be calculated.

Another density measurement device is density balance (see Figure 3.48 (b)), which
measures the solid density by the sample weight in air and water. However, due to the

surface tension of water, the water cannot fill the tiny pores in the sample. As a result, the
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calculated density includes the volume of pores. The calculated density can be regarded

as the bulk density of composites (o).

The void volume fraction can be figured out by bulk density and particle density as (®=1-

(Pouid/ Prarticie)). Because of technology limitations, when measuring the density and void,

the voids in the sample that are not connected to air cannot be considered.

Figure 3.47 (a) AccuPyc Il 1340 and (b) density balance

3.14 The mechanical properties
In this section, the mechanical properties are discussed, including the tensile test,
compact tension test (CT), and four-point bending test. The test machine used is an H5KS
and H25KS Benchtop Tester from Tinius Olsen (Horsham, USA), whose maximum load is

5 and 25 KN, respectively.

3.14.1 Tensile test
The tensile test is developed to analyse the influence of CB on tensile strength and
Young’s modulus of CB/IN2/AT30S composite and CB-modified CFRP.

3.14.1.1 Tensile test for CB/IN2/AT30S composite

The ASTM D638 standard determines the test specimen dimension and testing conditions.

Samples with a gauge length of 57 mm, a width of 13 mm and a thickness of 3 mm are

used. Silicone moulds are employed to prepare the tensile test samples. When preparing
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the samples, CR1 Easy-Lease Chemical Release Agent (Easy Composite, UK) was
coated, according to the suppliers’ instructions, onto the surface of the silicone mould
before pouring the mixture into the mould. Finally, samples with different CB wt.% are
cured in the oven at 120 °C for 3 hours. Subsequently, 3 wt.% CB/IN2 resin samples are

cured at oven temperatures of 70, 130, 150, and 170 °C for 3 hours.

e

30 mm

(a) B (b)

Figure 3.48 (a) The CB/IN2/AT30S composite tensile test samples (b) silicone moulds for the tensile test

sample preparation

Tensile test sample| .. \ PC controller

Figure 3.49 The tensile test of CB/IN2/AT30S composites
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Following the ASTM D638 standard, samples are tested with a crosshead speed of 2
mm/minute in the tester. The setup of the tensile test is shown in Figure 3.49. The tensile

strength and Young’'s modulus are calculated according to the standard.
3.14.1.2 Tensile test for CB-modified CFRP

When considering the influence of CB on the tensile properties of CFRP, the CFRP
samples with 0 wt.%, 1 wt.%, 2 wt.%, and 3 wt.% CB in the matrix was examined. The
test specimen dimension and testing conditions are determined by ASTM D30309
standard. The specimen dimension is 250x15xabout 0.85 mm (LXWXT). In addition,
when comparing the influence of DPIF and traditional manufacturing methods (oven and
autoclave) on the tensile properties of CFRP, the CFRP sample with two 2 wt.% CB
manufactured by different methods were examined with the same conditions. Due to the
sample dimension limitation in DPIF, the specimen dimension is 150x15x~1 mm (LXWXT).

All specimens were trimmed from a large sample using a waterjet.

Figure 3.50 The tensile test for CFRP

Figure 3.50 shows the setup of the tensile test for CFRP. Axial Extensometer Model 3542
(Epsilon, Brackley UK) is used to measure the strain value of samples during the tensile

test. Following the D30309 standard, the displacement rate is 2 mm/min in this case.
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3.14.1.3 DIC camera

Digital imaging correlation (DIC) is an optical digital measurement technology that uses
images from a digital camera to determine the shape, displacement, and deformation field
of an object's surface under any load. It extracts the full-field information of the measured
object from the digital image applied by the digital camera. From the shape of the object,
its displacement and deformation, strain, velocity, and acceleration can be easily
extracted [272].

In this project, a Pike F-505B/c (LIMESS Messtechnik, Germany) DIC camera (see Figure
3.51) is used, and it is equipped with a Sony Super HAD CCD sensor. At full resolution, it
runs up to 15 fps. Higher frame rates can be reached by a smaller area of interest, AOI,
binning (b/w), or sub-sampling [273]. The camera is connected to a PC, and the digital
images are collected by Vic-Snap software. The collected images are analysed by Vic-2D
software to collect the strain value in the y direction. The setting is 15 subsets and 7 steps.
Finally, according to the strain and stress (data is from tensile test machine) graph,

Young’s modulus can be determined.

Figure 3.51 The Pike F-505B/c (LIMESS Messtechnik, Germany) DIC camera
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3.14.1.4 The calculation of Young’s modulus

Figure 3.52 shows an example of the stress-strain plot for CFRP. The red points show the
initial tensile region and the plastic region. The black points show the elastic region.
Young’'s modulus was calculated by a fit to the black points as drawn. The slope of fit is

presented as Young’'s modulus.
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Figure 3.52 The strain and stress scattering plot of CFRP with 2wt.% CB in matrix from Origin.

3.14.2 Compact tension (CT) test
To analyse the effect of CB additives on the properties of the matrix (epoxy resin) and its
contribution to the final composite performance, the fracture properties of the matrix
alone were measured using a CT test. The IN2/AT30S epoxy resin with different CB wt.%
was tested according to ASTM 5045. According to the literature [274], if the pre-crack
line of CT samples is zigzag instead of straight, the test result will be unreliable. Therefore,
a silicone mould was used to create the required shape. The dimensions of the CT
samples and silicone mould are shown in Figure 3.53. The uncured CB/IN2/AT30S
composite was poured into prepared CT silicone moulds and cured in the oven at 120 °C

for 3 hours.
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Figure 3.53 (a) The CT specimen dimension and (b) the silicone mould for CT specimen preparation drawn

by SolidWorks.

Figure 3.54 The CT test for CB/IN2 resin composites

In this case, the plane-strain fracture toughness (Kic) and the critical strain energy release
rate (Gic) were examined. According to the literature, in nanoparticle-modified epoxy resin,
the Kic and Gc of the material are positively related to its tensile properties [275], [276].
The test was conducted using an H5KS Benchtop Tester from Tinius Olsen (Horsham,
USA) with a 5KN load cell. The displacement rate was 1 mm/min. The setup of the CT

test is shown in Figure 3.54.
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3.14.3 Four-point bending test
The flexural properties of pristine CFRP and CB-modified CFRP with 1 wt.%, 2 wt.%, and
3 wt.% CB in the matrix is determined by four-point bending tests. In addition, when
considering the influence of different manufacturing methods (heat press, autoclave,
oven, DEC, and DPIF) on flexural properties of CFRP, CFRP with 2 wt.% CB was tested.
ASTM D7264 Standard determines the test specimen dimension and testing conditions.

The dimension of the specimens is 80x14x~4 mm (LXWXT).

Y e "y

_— R

\ "t naow rTeTe. .
TEST

S M,

Figure 3.55 The four-point bending test for CFRP

Following the D7264 standard, the displacement rate is 1 mm/min in this case. The setup
of the four-point bending test is shown in Figure 3.55. The flexural strength and flexural

modulus of elasticity are calculated according to the standard.

3.15 The electrical properties

In this project, the influence of pressure and CB concentration on the electrical
conductivity of CB-modified CFRP and the resistance values of CFRPs will be discussed,

with 0, 1, 2, and 3 wt.% CB in the matrix under different pressures were examined.
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The compression platform of an H5KS Benchtop Tester from Tinius Olsen (Horsham, USA)
with a 5KN load cell is covered by insulation films. Two copper strips are placed on the
surface of insulation tape and contacted with the positive probe and the negative probe
of a BK Precision 2841 resistance meter (B&K Precision Corp., USA). The sample with
about 1.4 cm? section area is placed between two copper sheets. When the tester
machine compresses the sample, the resistance of the sample under different loads is
recorded. When calculating the resistivity of CFRP, the thickness change during the
pressing process is considered. Due to the low pressure (maximum pressure is 6 MPa),

the samples are under an elastic zone during the compressing process, and there is no

structural destruction in the samples. The setup of the electrical properties test is shown

in Figure 3.56.

(iii)

- (v

(b)

Figure 3.56 (a) The compression tests with HSKS Benchtop Tester. (b) Schematic diagram of the layout

((iy compression fixture, (ii) insulation, (iii) copper conducting plate, (iv) cured composite sample)

3.16 Differential scanning calorimetry (DSC)
A PerkinElmer DSC 4000 (PerkinElmer, USA) was used to determine the degree of cure
(DoC). The cure profile of the pure resin was examined by DSC [277]. In terms of cured
CFRP laminate, the samples were collected by waterjet cutting. The weight was around
10mg and followed the heating cycle from 40 °C to 250 °C with a 10 °C/min ramp. In
addition, to determine the heat produced for an uncured sample and to determine the

Arrhenius equation of the resin, 7mg of uncured resin was examined. Here, the same
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temperatures were used with four different heating rates: 10 °C/min, 15 °C/min, 20 °C/min,
and 25 °C/min.

Figure 3.57 PerkinElmer DSC 4000

3.17 Energy consumption
In this project, novel manufacturing methods (DEC and DPIF) are compared with
traditional manufacturing methods (oven, autoclave, and heat press) in terms of energy
consumption. Plug-in Power Meter (Intertek, UK) was used to record the energy
consumption during the curing process in the DEC, DPIF, heat press and oven. The
energy consumption of the AC052 Autoclave is measured by RI-70-100-P, a 3-phase in-

line power meter (Rayleigh Instruments, UK).

3.18 The thermal properties
LFA 467 Hyper Flash from NETZSCH (Selb, Germany) is a laser flash analyzer. It was
utilized to examine the thermal properties (specific heat capacity and thermal conductivity)
of CFRP with different CB wt.% in the matrix. CFRP samples are trimmed to 10*10*30
mm samples and placed in the laser flash analyzer. The thermal properties under 30, 50,
100, 150, 200, and 250 °C are examined. To avoid experimental error, the examination

will be repeated 3 times at each temperature.
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Figure 3.58 The thermal properties test of CFRP
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Chapter4  Result and Discussion Part 1 — the dispersion of

carbon nanomaterials

The carbon nanomaterials (CB, CNTs, and graphene) are dispersed into IN2. In this
section, the nanoparticle structure and size, the dispersion quantity of nanoparticles, and

the influence of carbon nanomaterials on epoxy resin were discussed.

4.1 Carbon nanomaterial structure and size
Because the resistivity of carbon nanoparticle dispersion is controlled by electron
tunnelling, the resistivity of samples depends exponentially on the distance between the
nanoparticles [166]. To analyse the variation in electrical resistivity within the different
curing regimes, an understanding of the carbon nanoparticle structure and size, as well
as its distribution in the IN2, must first be determined. Dispersion of graphene and CNTs
is difficult, and small concentrations of these particles that are well-dispersed lead to
significant increases in viscosity, which makes the application and wetting of a fibre-based

composite challenging as a result. Only the structure and size of CB are discussed here.

4.1.1 CB particle structure
SEM and TEM images show that CB particles tend to concentrate in high agglomerations
[278], [279]. These particles are agglomerated into larger fractal structures in separated
amorphous masses without a clear basic unit, as shown in Figure 4.1 (a). The visualisation
of an average unitary particle’s shape constitutes a cumbersome venture because the
agglomeration hinders the correct detection of an isolated CB particle. In addition, it can
be inferred that these particles may have a spherical shape by observing at high
magnification one agglomeration’s edge (see Figure 4.1 (b)). Figure 4.1 (b) reveals a

circular structure.
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Figure 4.1 (a) SEM image of CB particle showing agglomeration of small CB particles. (b) TEM image of
the individual CB nodules showing the internal structure.

4.1.2 CB particle size
Dynamic Light Scattering (DLS) analysis is performed to infer the average CB particle

size. Three different solvents, such as toluene, methanol, and IPA at low CB
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concentrations (0.01 wt.%) were used. The results show CB size distributions centred on
8, 90, and 400 nm diameter using toluene, methanol, and IPA solvents, respectively, as
visualised in Figure 4.2. The toluene solvent hinders particle aggregation and provides an
average single CB particle hydrodynamic radius value more accurately. The ensemble
average particle hydrodynamic diameter from DLS analysis (9nm) is of the same order of

magnitude as the single CB sphere measured by TEM in Figure 5 (b) (30nm).
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Figure 4.2 The size distribution of CB powder by intensity via DLS.

4.2 The mixing stability of carbon nanomaterials in IN2 and AT30S
In this section, the mixing stability of carbon nanomaterials (CB and graphene) in IN2 and
AT30S is discussed. In this section, because neither the effective cross-sectional area of
the wires nor the effect of the conductive path around the non-conductive stirrer can be
determined, we cannot report the resistivity values and only report the resistance. But the
container, wires, and mass of the mixture are the same. The stability is characterised by

any change in resistance, and therefore, relative measures are adequate.

4.2.1 The mixing stability of CB/IN2 and CB/AT30S
Figure 4.3 describes the resistance changes for the CB mixtures (CB/IN2 and CB/AT30S
with 3 wt.% CB). At 85 °C, during stirring, the resistance of the two samples falls but
stabilises after mixing. In the high oil bath temperature (115 °C and 135 °C), the resistivity
of samples is lower than that in the 85 °C oil bath. The AT30S has a high rate of evaporation

at elevated temperatures. Therefore, the resistance gradually decreases over time, which
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may be due to the continually increasing concentration of the CB. The resistance of the
CB/AT30S is lower than that of the CB/IN2. So, the CB has better dispersion in AT30S if
the resistivity and nanoparticle dispersion have an inverse relationship [280]. Here, the
bad dispersion indicates the over-aggregation of nanoparticles in the initial status, not the

formation of a network after dispersion.
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Figure 4.3 The resistivity changes of (a) 3wt% CB in pure IN2 epoxy and (b) 3wt% CB in pure AT30S at a
range of temperatures (85 °C, 115 °C, and 135 °C). The vertical line indicates the time when mixing was

stopped. Note the x-axis is logarithmic.

4.2.2 The mixing stability of graphene/IN2 and graphene/AT30S
Because the structure of graphene, a single layer (monolayer) of carbon atoms, is
unstable, the mixing stability of graphene mixtures (graphene/IN2 and graphene/AT30S
with graphene 3 wt.%) in the low temperature (7 °C water bath), room temperature (23 °C
water bath), and high temperature (80 °C water bath) are discussed. Figure 4.4 indicates
that during the mixing process, the resistance change of two CB mixtures and two
graphene mixtures is the same. After a few minutes, the resistance of two samples
(graphene/IN2 and AT30S) is stabilized, and the resistance of the graphene/AT30S is
lower than graphene/IN2. However, after mixing, the resistance of two graphene mixtures
is not like that of two CB mixtures. The resistance of graphene/IN2 has a rapid increase
in low temperatures (7 °C and 23 °C water bath). Only in an 80 °C water bath the resistance

of samples is stable. In terms of graphene/AT30S, the increase of resistance only happens
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at a 7 °C water bath. At 23 °C and 80 °C water bath, the resistance is stable. As a result,
the mixing stability of the graphene/AT30hardener is better than graphene/IN2. However,

the mixing stability of graphene mixtures is worse than that of CB mixtures.
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Figure 4.4 The resistivity changes of (a) 3wt% graphene in pure IN2 epoxy and (b) 3wt% graphene in pure
AT30S at a range of temperatures (7 °C, 23 °C, and 80 °C). The vertical line indicates the time when mixing

was stopped. Note the x-axis is logarithmic in (b).

To further analyse the influence of temperature on the mixing stability of graphene
mixtures, the mixtures are mixed in an 80 °C water bath for 10 mins until the resistance is
stable and placed in different temperatures to observe the resistance change. Figure 4.4
and Figure 4.5 show similar results. In the low water bath temperature, the mixing stability
of graphene mixtures is worse. The resistance of mixtures rapidly increases and is over
100 MQ in a few minutes. In the hot-water bath, the resistance is stable. The mixing

stability of graphene/AT30S is better than that of graphene/IN2.

In conclusion, due to the worse mixing stability, the research of graphene in dispersion

and its influence on IN2 will not be further examined.
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Figure 4.5 After mixing in an 80 °C water bath, the resistance changes of graphene/IN2 and

graphene/AT30S at a range of temperatures, 7 °C, 23 °C, and 80 °C. Note the x-axis is logarithmic.

4.3 The carbon nanoparticle dispersion in the IN2/AT30S resin

system

In general, the carbon nanoparticle dispersion in IN2 describes how homogeneous the
mixture of the carbon nanoparticles in IN2 is. In this aspect, variables such as the mixing
method, carbon nanomaterials concentration and mixing temperature play a relevant role
in the particle dispersion mechanism. In this research, graphene is not considered due to
poor mixing stability. In addition, as Gibbs free energy explains (Equation 2.1), when the
entropy change is very high, the reaction will be spontaneous and boost the stabilization
of the dispersion [281]. It is irrespective of the mixing method. All the analysed samples
are blended following the same mixing method, the overhead stirrer with 3+3 mins mode
(see methodology), which is the optimized mixing mode in the later section (section 4.4.2).
The influence of carbon nanomaterial (CB and CNTs) concentration and curing
temperature on particle dispersion in the IN2/AT30S resin system are analysed by optical
microscopy to determine the fractal dimension. The relevant calculation is explained in

the methodology chapter. The result sections are shown below.
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4.3.1 The analysis of fractal dimension error
To analyse the error in the fractal dimension, three sets of measurements for CB/IN2/AT30

composites were undertaken, which are shown below.

Case 1: Three images of the same area on a sample were analysed. As expected, this

gives a low variance of the fractal dimension.

Case 2: Three different areas on the same sample (intra-sample variance) were

measured.
Case 3: Three areas on different samples (inter-sample variance) were measured.

Figure 4.6 shows the standard deviation of fractal dimension in the above cases. The
standard deviation of the different samples (Case 3) is higher than that of the other two
groups. As a result, to improve the accuracy of experiments, Case 1 is used to analyse

the variation in this project.
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Figure 4.6 The error (standard deviation) of fractal dimensions of CB/IN2/AT30S composite in different

concentrations

4.3.2 The nanoparticle dispersion in IN2/AT30S resin system with different
nanoparticle concentration

This investigation analyses the fractal dimension measured in mixtures with CB

concentrations of 2, 2.5, 3, 3.5, and 4 wt.% and with CNTs concentrations of 1.5, 2, 2.5,

3, and 3.5 wt.%. When the concentration is too low, the resistance of the sample is over

100 MQ, which is beyond the range of the resistance meter.
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Figure 4.7 The fractal dimension value of CB/IN2/AT30S composites at different concentrations of CB. The
dark regions are the phase rich in CB, and the light areas are the phase deficient in CB. The data points
and errors are the average and one standard deviation of three samples. The scale bar shown in the images
is 0.08mm

Figure 4.7 describes how increasing CB concentrations in the range between 2 and 3
wt.% substantially increases the fractal dimension. This trend is not observed when CB
concentration is higher than 3 wt.%. Due to the nanoparticle agglomeration in high

concentration, the fractal dimension values slightly fluctuate around 2.60.
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Figure 4.8 The fractal dimension value of CNTs/IN2/AT30S composites at different concentrations of CNTSs.
The dark regions are the phase rich in CNTs, and the light areas are the phase deficient in CNTs. The data
points and errors are the average and one standard deviation of three samples. The scale bar shown in the

images is 0.08mm

In Figure 4.8, the fractal dimension changes of CNTs/IN2/AT30S composites show the
same tendency as that of CB/IN2/AT30S composites. When the CNT concentration is low,
the fractal dimension value increases with concentration and reaches a peak point at 2.5
wt.%. When the concentration is higher than 2.5 wt.%, due to the high aggregation of

nanoparticles, the fractal dimension values slightly fluctuate around 2.50.

4.3.3 The nanoparticle dispersion in IN2/AT30S resin system with CB 3 wt.% and
CNTs 2.5 wt.% at different curing temperatures

To analyse the influence of curing temperatures on the nanoparticle dispersion, the fractal
dimension from a dispersion’s binarized microscope image of 3 wt.% CB/IN2/AT30S
nanocomposite and 2.5 wt.% CNTs/IN2/AT30S nanocomposites at uncured and different
curing temperatures (70°C, 130°C, 150°C and 170°C). Figure 4.9 and Figure 4.10 shows
that when the sample is uncured at room temperature (20°C), the fractal dimension has a
maximum average value, which is 2.69 in CB/IN2/AT30S nanocomposites and 2.53 in
CNTs/IN2/AT30S nanocomposites. Polymerisation occurs slowly, requiring over 24 hours

at this temperature. The image is taken shortly after mixing.
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Higher curing temperatures not only reduce the resin viscosity but also boost the rate of
polymerisation, inducing carbon nanoparticle agglomeration and spinodal decomposition
[282], [283]. The single phase (well-dispersed mixture) segregates into two co-existing
phases: carbon nanoparticle-rich but resin-poor regions, which are the dark areas in
microscope images, and resin-rich but nanoparticle-poor regions, which are the light
areas. A characteristic of spinodal decomposition is the formation of a bi-continuous
structure. In contrast, nucleation and growth are characterised by the formation of islands

of the minority phase in the majority phase [284], [285].

However, when the curing temperature is 150 °C and 130 °C, the fractal dimension value
rises slightly in the CB/IN2/AT30S and CNTs/IN2/AT30S nanocomposites, respectively.
Two mixing mechanisms are active. First is the mixing, which puts the energy into the
system and breaks the nanoparticles up. Second is the higher temperature. After mixing,
this leads to a change of Gibbs, TdS term, and so free energy decreases. As a result, the
aggregation of nanoparticles is impeded. It has been explained in section 4.2.1. In
addition, at sufficiently high temperatures, a mixed phase would be observed, and as such,
heating beyond 150 °C in CB composites and 130 °C in CNT composites reduces phase
segregation. As the curing of epoxy resin is a step-growth polymerisation, high molecular
weight is created at the end of the polymerisation. Thus, phase segregation happens late
in polymerisation as the viscosity rapidly rises, pinning the structure.

In summary, spinodal phase segregation is observed in all samples, creating a
bicontinuous structure that reduces both the fractal dimension and resistivity (see Figure
4.19 and Figure 4.20). When the temperature is higher than 150 °C (CB) and 130 °C
(CNTs), phase segregation begins to be hindered, and the fractal dimension increases

marginally.
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Figure 4.9 The fractal dimension of 3 wt.% CB/IN2/AT30S nanocomposites with uncured and different
curing temperatures (70 °C, 130 °C, 150 °C, and 170 °C). The data points and errors are the average and

one standard deviation of three samples, respectively. The scale bar shown in the images is 0.08mm.
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Figure 4.10 The fractal dimension of 2.5 wt.% CNTs/IN2/AT30S nanocomposites with uncured and different
curing temperatures (70 °C, 130 °C, 150 °C, and 170 °C). The data points and errors are the average and

one standard deviation of three samples, respectively. The scale bar shown in the images is 0.08mm.
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Compared to the fractal dimension of CB/IN2/AT30S, that of CNTs/IN2/AT30S is lower in
the same nanoparticle concentration and curing temperature. As a result, CB has a better

dispersion in the IN2/AT30 resin system compared with CNT’s.

Figure 4.11 represents the fractal dimension value changes of CB/IN2/AT30S
nanoparticle composites during the curing process, where the temperature increase rate
is 3°C/min. When the temperature is low (lower than 50 °C), CB has good dispersion in
the IN2/AT30S resin system, which shows a high fractal dimension value. As the
temperature increases (higher than 50 °C), the resin starts to cure, and there is phase
separation in CB/IN2/AT30S nanocomposites, which leads to the aggregation of CB. As
a result, the dispersion of CB is worse, and the fractal dimension value decreases. When
the temperature is over 70 °C, the curing reaction is basically completed, and there is no
apparent phase separation. As a result, there is no more aggregation in CB. Figure 4.12
shows the microscope images in the curing process. When the temperature is low, there
is no apparent aggregation of CB. However, with temperature increases due to the lower
viscosity and polymerization reaction, there is the aggregation of CB, which is discussed
in section 4.5. Nanoparticles move to areas richer in nanoparticles. As a result, the phase
segregation is formed. It is formed by spinodal decomposition instead of nucleation

growth. So, there is a bicontinuous structure instead of isolated nanoparticle islands.

Figure 4.11 represents the fractal dimension changes of CB/IN2/AT30S composites
during the curing process, where the temperature increase rate is 3 °C/min. When the
temperature is low (lower than 50 °C), CB has good dispersion in the IN2/AT30S resin
system, which shows a high fractal dimension value. As the temperature increases (above
50 °C), the resin starts to cure, and there is phase segregation of a CB rich from a CB
poor phase, leading to CB aggregation. As a result, the fractal dimension decreases.
When the temperature is over 70 °C, the curing reaction is essentially complete, and the
resin's glass transition temperature (1g) is above 70 °C. The system has vitrified, and there
is no further phase segregation or aggregation. Figure 4.12 shows the microscope images
during the curing process. When the temperature is low, there is no apparent aggregation
of CB. However, as temperature increases, due to the lower viscosity and the
polymerisation reaction, aggregation of CB occurs (Section 4.5). Nanoparticles move to

areas richer in nanoparticles as the CB-rich phase segregates from the CB-poor phase.
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As the mechanism is spinodal decomposition, instead of nucleation growth, this creates
a bi-continuous structure instead of isolated nanoparticle islands. This bi-continuous
structure decreases the separation of the CB nanoparticles in the CB-rich phase but
maintains connectivity across the entire sample. As a result of the exponential decrease
in resistivity as CB separation decreases, but only a linear dependence of the resistance
on the cross-sectional area of the conductive path, the overall resistance decreases (see
Figure 4.19).
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Figure 4.11 The fractal dimension value changes of CB/IN2/AT30S nanoparticle composites during the

curing process
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Figure 4.12 The microscope images of CB/IN2/AT30S nanoparticle composites during the curing process
at different curing time (a) 0 minutes, (b) 4 minutes, (c) 7 minutes, (d) 9 minutes, (e)11 minutes, (f) 15

minutes. The scale bar is 0.05mm.

4.4 The electrical properties of the carbon

nanomaterials/IN2/AT30S nanocomposites
The purpose of this section is to analyse the influence of carbon nanomaterials (CB and
CNTs) on the electrical properties of epoxy resin. This section includes three main parts.
The first one examines the percolation threshold of the CB/IN2/AT30S nanocomposite.
The manual stirring method mixed the CB/IN2/AT30S nanocomposite with different CB
concentrations and mixing time to analyse the percolation threshold value. The second
one is to compare the different mixing methods at the percolation threshold concentration
with different mixing time. Finally, the optimized combination of mixing method and time is
used to disperse CNTs in the IN2/AT30S resin system with different CNT concentrations

to analyse the percolation threshold value.
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4.4.1 The percolation threshold concentration of CB/IN2/AT30S
In this section, the CB is dispersed into IN2 by manual stirring with different concentrations
and stirring time. There are four samples in each composite material sample. By
measuring their resistance values, the average resistivity values at different stirring time

and concentrations can be determined (see Figure 4.13).

Figure 4.13 shows that at 2 minutes of stirring time and 4 minutes of mixing time, the
resistivity values at some high concentrations of CB are higher than those at low
concentration points. However, this result was rarely shown at 8 minutes of stirring time.
In addition, compared with resistivity values at 2 minutes and 4 minutes of stirring time,
the resistivity values at 8 minutes are lower at the same concentration. As expected, by

increasing the stirring time, the dispersion of CB in the IN2 is improved.

According to the resistivity values at 4 minutes and 8 minutes of stirring time, the
percolation threshold is around 3%. Below 3%, the resistivity decreases rapidly with

concentration, and above 3%, the resistivity value plateaus.
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Figure 4.13 The average CB/IN2/AT30S nanoparticle composite resistivity for different manual stirring times

and concentrations. The error bar is the standard deviation of 4 samples.

To further analyse the dispersion of CB, the standard deviation of resistivity was

considered. The standard deviation for the samples that underwent 2 (1+1) minutes of
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stirring is higher than the other two groups. The long stirring time shows a low standard
deviation. The hypothesis is that the better the dispersion, the lower the standard

deviation of the resistivity.

As expected, longer stirring times result in better dispersion of CB in IN2. The better
dispersion of CB represents the lower range of separation in CB. As a result, the standard
deviation of resistivity is lower. In addition, from the three different stirring times, the
standard deviation decreases with increasing concentration. At 4 (2+2) minutes and 8

(4+4) minutes stirring time, above 3 wt.%, the standard deviation change is small.

Figure 4.14 and Figure 4.15 show the conductivity of the CB/IN2/AT30S composite with
4+4 minutes of manual stirring at different CB concentrations. In Figure 4.14, the solid red
line is the fit to a percolation threshold theory function (Equation 2.2); in Figure 4.15, the
red line is the fit to a Gompertz function (Equation 2.3). The data from shorter stirring
times have significant uncertainty at low dispersion of CB due to poor dispersion and low
conductivity, so they are not shown. Figure 4.14 indicates a percolation onset of 1.5+0.6

wt.%, and Figure 4.15 shows a percolation threshold value of 3.19+0.03 wt.%.
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Figure 4.14 CB/IN2/AT30S composite resistivity with 4+4 minutes of manual stirring at different CB

concentrations. The red line is a fit to the percolation threshold theory function (Equation 2.2).
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Figure 4.15 CB/IN2/AT30S resistivity with 4+4 minutes of manual stirring at different CB concentrations.
The red line fits Equation 2.3, a Gompertz function. The inflection point is 3.19+0.03 wt.%.

4.4.2 The comparison of different mixing methods
This section discussed the dispersion efficiency of four different dispersion methods,
which are dispersing CB into IN2 and CB, taking up 3% of the weight in the composite.
Figure 4.16 shows the average and standard deviation of resistivity of 3 wt.%

CB/IN2/AT30S composite (4 samples) in different stirring time by different dispersion ways.

The assumption we are making is that as the mixing improves, the variability in resistance,
as measured by the standard deviation, will fall as the different samples become more

similar.

Figure 4.16 shows that compared with the other three dispersion methods, the magnetic
stirrer required a longer time to achieve a low standard deviation (as demonstrated by the
large error bar). The magnetic stirrer requires longer than the other three dispersion ways
to disperse the CB into IN2. Comparing manual stirring, ultrasonication, and overhead
stirring, the standard deviation value of ultrasonication and overhead stirring is far smaller
than that of manual stirring until longer stirring times. When the stirring time is 8 minutes,
the standard deviation of these three methods is almost the same. In addition, comparing

the four methods, the standard deviation of resistivity from the sample that was mixed by

113



the overhead stirrer or ultrasonicator reaches a stable value in the shortest time (about 4

minutes).

In conclusion, the overhead stirrer can effectively disperse CB in the shortest time. The
ultrasonicator performs similarly to the overhead stirrer. However, the ultrasonicator
generates far more heat than the overhead stirrer, which accelerates the rate of cure
when the hardener is added, thus affecting the dispersion of nanoparticles and making
handling and sample preparation more difficult. Manual stirring is ranked 3™. The
magnetic stirrer has the worst performance of the four dispersion methods. The magnetic
stirrer needs more than 10 minutes to disperse CB into the IN2 well. As a result, the
overhead stirrer with 3+3 mins mode stirring time is the best choice for the late

experiments.

To some degree, the results regarding the magnetic stirrer were expected; the energy
input is small, and the torque imparted is limited. What is of note is the relatively poor
performance of the ultrasonicator compared to the simpler, lower-cost overhead stirrer.

Literature shows that ultrasonication is more effective in low-viscosity mixtures [286].

Whilst there is a marked drop in the resistance and a visual change in the resin during the
mixing process, there is no evidence to suggest that the CB is finely dispersed in the resin.
There is an energy balance between the effective energy input by missing and the degree

of dispersion. Thus, with higher energy input, the resistivity could fall further.
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Figure 4.16 The average resistivity of CB (3 wt.%)/IN2/AT30S nanocomposite by different stirring ways with

different stirring time. The error bar is (one standard deviation of 4 samples).

4.4.3 The percolation threshold concentration of CNTs/IN2/AT30S
When analysing the dispersion of CB, the optimal dispersion method and mixing time were
the overhead stirrers and 3+3 minutes mode. Consequently, this combination is used to
fabricate the CNT/IN2 composite.

Figure 4.17 describes the resistivity of the CNT/IN2/AT30S nanocomposites with different
CNT concentrations. As the concentration of CNT increases, the resistivity of the
CNT/IN2/AT30S nanocomposite decreases until the concentration of carbon nanotube is
around 2.5 wt.%, where the resistivity is 259 cm-kQ. After this point, with the
concentration increasing, the resistivity plateaus. As a result, the percolation threshold
value of carbon nanotube in the IN2/AT30S resin system is around 2.5 wt.%, which is far
higher than the theoretical value (0.6 wt.%) [287]. The reason for this difference is the
aggregation of CNTs. In addition, as the concentration of CNT increases, the error bar

(standard deviation) of the resistivity decreases.
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Figure 4.17 The resistivity of the CNT/IN2/AT30S nanocomposite with different CNT concentrations

4.5 The influence of curing temperature on the resistance of
CB/IN2/AT30S

To discuss the influence of curing temperature on the resistance of CB/IN2/AT30S, four
different curing temperatures (70 °C, 130 °C, and 180 °C) are considered at 3 wt.%
CB/IN2/AT30 composites and 2.5 wt.% CNTs/IN2/AT30 composites, which are shown in
Figure 4.19 and Figure 4.20.

In all samples, the resistivity rapidly decreases as the resin temperature increases. As the
resin is heated, the viscosity of samples decreases, which allows the CB nanoparticles to
diffuse more rapidly. However, at the same time, the resin is curing, which affects the
viscosity and the thermodynamics. Because the curing process is a step-growth
polymerisation, high molecular weights are not achieved until high conversions. Therefore,
reaction-induced phase separation (RIPS) proceeds slowly, and the early-stage
bicontinuous structure is preserved and fixed by vitrification at high conversion in
agreement with Soltani [288].

In terms of separate mixtures of CB/IN2 and CB/AT30S, the resistance is stable with time
after mixing, as shown in Figure 4.3. In addition, the resistance of graphene/IN2 and
graphene/AT30S is also stable in high temperatures. The resistance is stable in monomers
but drops in the curing system, which indicates that the aggregation of carbon
nanoparticles is not driven by an incompatibility with the resin components but with the
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polymer formed from the resin. This phase separation on polymerisation has been widely
observed in many systems and is generally termed RIPS [289]. As the degree of
polymerisation, N, increases, phase separation can be observed. It is driven by cN, which
is the product of the Flory-Huggins interaction parameter ¢ and the degree of
polymerisation, N.

The decrease in resistivity is primarily due to a decreased separation of the carbon
nanoparticles. Figure 4.18 shows that when pure CB particles are heated from room
temperature to 170 °C, the resistance will drop with temperature increasing. During the
curing process, CB nanoparticles are initially dispersed but still form conductive networks.
They tend to coalesce with adjacent nanoparticles and form bicontinuous networks with
higher concentrations of carbon nanomaterials. As a result, the resistivity of the sample
drops rapidly at the beginning of the curing process. The phase separation proceeds by
spinodal decomposition. CB nanoparticles diffuse to areas richer in nanoparticles, and as
interparticle distance decreases, the resistance drops.

This fall in resistivity with phase separation would, at first sight, appear to contradict the
drop in resistance with improved mixing. However, this decrease in resistance is higher
than the compensation for a reduction in volume that carbon nanoparticles occupied
because the resistance depends exponentially on tunnelling distance.

Because the curing process is exothermic and generates heat, there is an overshoot in
the sample polymerisation process for the low curing temperature CB/IN2/AT30S and
CNTs/IN2/AT30S samples (70 and 130 °C). This trend is not observed in the higher curing
temperature samples as the heating rate masks it. However, it indicates that curing is
complete in all these systems relatively quickly. As the sample temperature stabilises, the
sample resistivity plateaus. However, compared with samples at other curing
temperatures, in two 70 °C samples, both resistances continue to fall slowly over 300
minutes. DSC measured the glass transition temperature of the IN2/AT30 resin system as
63 °C. Therefore, the curing happens close to the Tg of the formed network, and diffusion
is slow due to the higher viscosity at this lower temperature. At 70 °C, this resin system
needs approximately 6 hours to cure fully. Because of the temperature coefficient of

resistivity, there is a drop in resistance of all samples as they cool to room temperature.
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Figure 4.18 The resistivity of CB powder in different temperatures (sample heated to 170 °C and cooled

down to room temperature). The hysteresis may be due to the loss of water from the surface of the CB.
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Figure 4.19 The changes of 3 wt.% CB/IN2s temperature (red line), their resistivity (green line), and oven
temperature (blue line) during the curing process in different curing temperatures (a) 70 °C (b) 130 °C (c)

150 °C (d) 170 °C.
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Figure 4.20 The changes of 2.5 wt.% CNT/IN2/AT30S temperature (red line), their resistivity (green line),
and oven temperature (blue line) during the curing process in different curing temperatures (a) 70 °C (b)
130 °C (c) 150 °C (d) 170 °C.

4.6 Tensile test

Compared with CNTs and graphene, CB shows better performance in terms of dispersion
and electrical properties in the IN2/AT30S resin system. In this section, the tensile
properties (tensile strength and Young’'s modulus) of CB/IN2/AT30S nanocomposites are

examined at different CB concentrations and curing temperatures.

4.6.1 Different CB concentration
Figure 4.21 shows the tensile properties of four different CB concentration samples (0
wt.%, 1 wt.%, 2 wt.%, and 3 wt.%). When concentration is increased, both the tensile
strength and Young’s modulus increase, reaching peak values at 2 wt.%. Compared with
0 wt.%, the tensile strength and Young’s modulus increases by 9% and 20%, respectively.

After 2 wt.%, ANOVA test result shows there is no significant difference in tensile strength
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and Young’'s modulus. Compared with the electrical conductivity and fractal dimension,
the peak of tensile properties appears at a lower CB concentration (2 wt.%). When the
concentration of nanoparticles is high, the dispersion is poor due to the aggregation of
nanoparticles. These aggregated nanoparticles are poorly interpenetrated by the epoxy
resin, which will act as stress concentrators that negatively affect the tensile properties.
Soltani [288] indicates that a nucleation and growth mechanism takes over from spinodal
decomposition at a high nanoparticle concentration. Therefore, the isolated islands of CB

are created.
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Figure 4.21 The average tensile strength and Young's modulus of CB/IN2 composite (5 samples) with

different CB concentrations. The error bar is one standard deviation.

4.6.2 Different curing temperatures at 3 wt.% CB
Figure 4.22 shows the tensile properties of 3 wt% CB at different curing temperatures.
Compared with CB concentration, the effect of curing temperature on tensile properties
is small. There is no statistically significant difference (ANOVA test) in the tensile strength

or Young’s modulus of the 3 wt.% CB/IN2/AT30S samples with different CB wt.%.
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Figure 4.22 The average tensile strength and Young's modulus of 3 wt.% CB/IN2/AT30S composite (5

samples) with different curing temperatures. The error bar is one standard deviation.

4.7 Conclusion

This work investigates the effect of carbon nanomaterials (CB, CNTs, and graphene) on
the dispersion in epoxy resin, as well as the electrical and mechanical properties of carbon
nanomaterial-modified epoxy resin composites. The structure of carbon nanoparticles
and the networks they form, which allow electrical conductivity throughout the resin, is
determined by electron (SEM and TEM) and optical microscopy. In addition, the
percolation threshold was calculated by examining the resistivity of composites with
different concentrations of carbon nanomaterials. An optimal concentration of carbon
nanomaterials for electrical conductivity was obtained from this research. The optimal
concentration was used to study the influence of the curing temperature and mixing
methodology on the electrical conductivity of composites. Finally, the tensile properties
(tensile strength and Young’s modulus) for different carbon nanomaterial concentrations
and curing temperatures were investigated. The most valuable insights are summarised

in the below bullet points.

e Compared with CB and CNTs, the structure of graphene is a single layer

(monolayer) of carbon atoms. It is unstable and readily aggregates at room

temperature.
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Carbon nanoparticles (CB and CNTs) have a high tendency to agglomerate,
forming structures that are much larger than those of a particle itself. The high
nanoparticle agglomeration boosts the formation of electrical networks, which can
reduce the required concentration of nanomaterials for achieving the percolation

threshold.

The fractal dimension values and resistivity measurements indicated that the
percolation threshold is 3 wt.% in CB/IN2/AT30S composite and 2.5 wt.% in
CNTs/IN2/AT30S composite.

The overhead stirrer is the optimal mixing technique due to its high working torque

and minimal heat generation.

The curing temperature has a positive effect on the conductivity of the composite.
Higher curing temperatures can improve the connectivity between carbon
nanoparticles, forming bicontinuous spinodal networks that will enhance

conductivity up to 150 °C.

In terms of the CB/IN2/AT30S composite, the optimal tensile properties (tensile
strength and Young’s modulus) are achieved when the CB concentration is 2 wt.%.
The tensile strength and Young's modulus are 9% and 20% higher than that of a
pure IN/AT30 resin system. When CB wt.% is higher than 2wt.%, there is no
noticeable difference in tensile properties. As a result, the percolation threshold
should be between 2 and 3 wt.%. This result matches the result of fractal
dimension and resistivity measurement. As the CB concentration increases to 4
wt.%, the tensile strength of the composite is 2% lower than the pure resin system

due to the stress concentration.

Compared across CB concentrations, 2 wt.% CB samples show optimal electrical
and mechanical performance.

The influence of curing temperature on the mechanical properties of composites

is small.
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Chapter 5 Result and Discussion Part 2 — CFRPs with
different CB wt.%

Carbon black (CB) particles were incorporated into IN2 resin at 0, 1, 2, 3 wt.% of the
epoxy matrix, and the “prepreg” of CFRPs was prepared by hand layup. The samples are
manufactured using traditional manufacturing methods (oven and heat press). In this

section, the influence of CB on CFRPs' mechanical properties is discussed.

5.1 The structure of CB nanoparticle-filled resin in CFRP
To determine the influence of CB on CFRP, the distribution of CB in a CFRP sample was

analysed. The intention was to determine if the CB affected the fibre-matrix interface or
only the matrix, as shown previously. The sample with 3 wt.% CB in the matrix was
examined using SEM. As depicted in Figure 5.1 (a), the chord length of the carbon fibres’
cross-section ranges from 6 to 8 um. The variation in size is due to the sample’s sectioning
and polishing, which causes the observed fibre width to be a chord of the circular cross-
section instead of the diameter. There are a few fragments that can be observed on the
fiore surface, which were marked by red circles. However, due to the very low
concentration of CB (3 wt.% in matrix), there is insufficient evidence to determine if they
are CB nanoparticles or debris from the grinding and polishing process. In addition, the
TEM image of CB nanoparticles ( Figure 5.1 (b)) indicates that the CB nanoparticles are
spherical and approximately 32 nm in diameter. These nanoparticles form larger particles
around 500 nm in size. Therefore, it is uncertain whether these fragments are
agglomerations of CB nanoparticles, as shown in Figure 5.1(b). In the absence of contrary
evidence, it is assumed that all CB nanoparticles are dispersed in the matrix rather than

being associated with the carbon fibre.
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Figure 5.1 The microstructure of (a) CFRP with 3 wt.% CB in the matrix under SEM and (b) CB nanoparticles
under TEM.

In addition, there are two SEM images of CFRP with 3 wt.% CB in the matrix shows the
quality of CFRP (see Figure 5.2). In Figure 5.2 (b), at high magnification, some cracks can
be observed on the surface, which may be caused by cutting and polishing during the

sample preparation process.

(a) (b)

Figure 5.2 SEM images of CFRP with 3 wt.% CB in matrix with different magnification (a) 500x and (b)
1000x.
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5.2

To determine the influence of CB on CFRPs (mechanical, thermal and electrical

Physical properties

properties), the composite density and fraction of fibre were first examined, which are
shown in Table 5.1. With the concentration of CB increasing, the viscosity of the matrix
(CB/epoxy resin) will increase. As a result, more matrix will be left in laminate during the
vacuum consolidation in the hand layup manufacturing process, which leads to a
decrease in the fibre volume fraction. However, this reduction is minimal, with the
maximum difference in weight and volume fraction of fibre not exceeding 10%. For
unmodified CFRP, the fibre volume fraction is consistently 60 Vol.%. The void volume

fraction is estimated to be 6% based on the density readings.

However, the voids are calculated by the density measured from the density balance and
helium pycnometry machine. The particle density calculated by the helium pycnometry
machine is reliable. However, the bulk density calculated by density balance could be
lower than the actual value. When putting the sample in the water in density balance,
there are some air bubbles around the sample, which increases the volume of the sample
in the calculation. As a result, the calculated void fraction should be regarded as a higher

limitation.

Due to the limited volume of the 4-layer carbon fibre CFRP samples, their density was
determined using a density balance. The potential influence of voids has been
disregarded in this analysis. The resulting density and fibre fraction are presented in Table
5.2. When compared to the 15-layer carbon fibre sample, the fibre fraction in the 5-layer
carbon fibre samples is significantly lower. In terms of thinner laminates, the hand layup
process may not exert sufficient pressure, resulting in lower effective compaction.

Consequently, more resin is deposited in the sample, thereby reducing the fibre fraction.

Table 5.1 The physical properties of CFRP with 15 layers of carbon fibre and different CB wt.% in the matrix.

The error is the standard deviation of three samples.

Concentration of CB Density’ Fibre volume Fibre mass Void fraction?
in matrix (wt.%) (g/lcmd) fraction (vol.%) | fraction (wt.%) (wt.%)
0 1.46+0.0049 51.26+0.74 62.70+0.69 3.06+0.72
1 1.48+0.0039 53.48+0.59 64.66+0.54 2.95+0.23
2 1.46+0.0009 49.48+0.14 60.83+0.13 2.69+0.52
3 1.45+0.0026 47.20+1.20 59.87+0.38 4.84£0.24

'As determined by Helium pycnometry. 2Determined from helium and density balance data.
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Table 5.2 The physical properties of CFRP with 4 layers of carbon fibre and different CB wt.% in the matrix.

The error is the standard deviation of three samples.

Concentration of CB Density’ Fibre volume Fibre mass
in matrix (wt.%) (g/lcmd) fraction (vol.%) | fraction (wt.%)
0 1.4093+0.0037 43.18+0.57 54.84+0.57
1 1.4073+0.0012 44.02+0.17 54.08+0.17
2 1.4107+0.0025 44.17+0.38 54.12+0.39
3 1.4087+0.0021 43.49+0.31 53.3340.32
5.3 The resistivity of CFRP under compressive load

Figure 5.3 shows the resistivity of CFRP, with CB, versus pressures. CB, as a conductivity
nanoparticle, can efficiently improve the conductivity of CFRP. As expected, at a given
pressure, the resistivity of the CFRP with a higher CB concentration is lower. In addition,
as the pressure increases, the resistivity of CFRP decreases. This decrease in the
resistance is due to the highly sensitive nature of the conduction between the carbon
components in the system. The plain weave nature of the composite gives excellent in-
plane conductivity. Contacts between the laminate layers in the lower-concentration
samples control the through-plane conductivity. For 0 and 1 wt.%, the resistivity versus
pressure curve shows similar exponential behaviour. However, for 3 wt.%., the resistivity
is considerably lower. The 2 wt.% at low compression pressures follows the 0 and 1 wt.%
behaviour. However, as pressure increases, the data more closely resembles that of the
3 wt.% sample. It suggests that at around 3 MPa, a compression of 36.61% percolation
is established in the CB in the 2 wt.% sample. Unfortunately, due to the carbon fibre
limiting the sideways expansion of the epoxy, Poisson’s ratio cannot be determined.
Therefore, this result cannot be used to derive a more precise value for the percolation

limit in this system.

At the highest concentrations, 3 wt.%, an aspect ratio of around 50 would be expected
[290] for the formation of a contacting percolation network within epoxy resin.
Conduction, as previously established, is due to electron tunnelling, the probability of
which drops exponentially with distance [166]. This tunnelling property of nanomaterials

makes them particularly useful for strain-sensing applications.
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Figure 5.3 The resistivity of cured CFRP with different CB wt.% in the matrix under various pressures. The

error bar is the standard deviation of 4 samples.

Figure 5.4 shows the relationship between stress and strain of CFRP with different CB wt.%
in the compressing process. In all samples, as the pressure increases, the distance
increases linearly. As a result, during the pressing process, the samples are under an
elastic deformation region. In addition, the distance is smaller under the same pressure
when the CB concentration is higher, though this difference is small, with a maximum

value of around 0.2 mm.
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Figure 5.4 The relationship between stress and strain of CFRP with different CB wt.% in the compressing

process.

To explain the influence of CB distance on the resistivity of CFRP, the strain value in CFRP
with 0 wt.% CB is regarded as a base. Figure 5.5 represents (a) the relationship between
resistivity and original strain, and (b) the relationship between resitivity and modified strain
During the pressing process, the decrease in sample thickness decreases the spacing
between the adjacent two carbon fibre layers, and more conductive CB nanoparticle
networks are formed in the matrix between carbon fibre layers. With the strain value
increases (CB distance decreases), the resistivity drops exponentially. Conductivity is
governed by electron tunnelling, which depends exponentially on the separation of the
CB particles. The difference in resistivity at high strain is due to the percolation network.
In the low strain, carbon fibre dominates the resistivity. However, in the high strain, CB

concentration affects the network formation.
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Figure 5.5 (a) The relationship between resistivity and original strain. (b) The relationship between resitivity

and modified strain (the data of unmodified CFRP is regarded as the base).

54 The mechanical properties of CFRP with different CB wt.%
5.4.1 The tensile properties

The tensile strength and Young’s modulus of the cured laminates are shown in Figure 5.6.
As expected for a fibre-dominated property, if the CB does not influence the interface,
there was no statistically significant change in the tensile strength and Young’'s modulus
of CFRP with different CB wt.% in the matrix. However, to thoroughly test this, an ANOVA
test was undertaken. The ANOVA tests show an F value of 0.18613 and 2.16 in tensile
strength and Young's modulus, respectively, which is considerably lower than the critical
F value of 3.24 when ais 0.05. As a result, there is no statistically significant difference in

both the tensile strength and Young’s modulus with these different samples.

The results for Young’'s modulus were compared with the expected values from the rule
of mixtures (RoM) (see Equation 5.1 and Table 5.3). As the carbon fibre is a 2x2 twill
weave carbon fibre, it is assumed that 50% is tensioned in the loading direction. Young's
modulus of the matrix is from the experiment result (see section 4.6.1), and the value of
Young's modulus of fibre is from the supplier’s datasheet [242]. The experiment result is
around 70% of the expected result from RoM. The carbon fabric is a 2x2 Twill, where the
warp carbon fibre tow passes under and then over the weft tows, inducing a bend or

“crimp” in the tow. In addition, the process of weaving induces damage to the fibres.
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These effects have been shown to reduce the tensile properties of the fabric compared
to unidirectional fibres [291]-[294]. Therefore, the experiment results are expected to be
smaller than the RoM results. As a comparison, in terms of unmodified CFRP, Young’s
modulus of an out-of-autoclave, vacuum consolidated “2x2 Twill 3k Prepreg Carbon Fibre”
of 58 wt.%, or 48 vol.% PYROFILTM TR 30S 3L carbon fibre from Easy Composites, is 55
GPa [295]. The fibre is the same as that used in the experiments. The matrix in this
prepreg is not given in the data. However, from the information in the SDS, we can see it
is similar to the IN2/AT30 systems (DGEBA/polymeric Amine) and, therefore, would have

a modulus similar to that of our matrix.
E.=fE+(1-f)En Equation 5.1

Table 5.3 The comparison of the model and experiment result for Young’s modulus of CFRP with different
CB wt.%

Young's Young's volume Young’'s modulus (Gpa) ratio (experiment
Material | modulus of | modulus of the | fraction of model Experiment result/mor(;el result)
fibre (Ef) matrix (Em) fibre(f) result result
Owt.% 234 1.86925 0.43 51.38 39.43 0.77
Twt.% 234 2.01335 0.43 51.46 34.52 0.67
2wt.% 234 2.27871 0.43 51.61 33.82 0.66
3wt.% 234 2.2326 0.42 50.43 36.56 0.72
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Figure 5.6 The tensile properties of laminate with different CB wt.%. The error bar is the standard deviation

of 5 samples.
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5.4.2 Fracture toughness of the matrix
Figure 5.7 shows the fracture toughness data for the CB/IN2/AT30S resin composite with
different concentrations of CB. Compared with unmodified IN2/AT30S resin, there are
significant enhancements in the plane-strain fracture toughness (Ki.) and the critical strain
energy release rate (Gi) of the CB/IN2/AT30S resin composite. 2 wt.%, Ki. reaches its
peak, increasing 14% compared with that of unmodified IN2/AT30S resin. When the CB
concentration is 3 wt.% CB, G attains its maximum value, increasing by 7% over the
resin. As a result, CB nanoparticles can effectively improve fracture toughness and
fracture energy release rate of IN2/AT30S resin. The expectation is thus that this will carry

over to improved CFRP properties.
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Figure 5.7 The fracture toughness of CB/IN2/AT30S composites. The error bar is the standard deviation of

four samples.

5.4.3 Flexural properties
Four-point bend tests determined the flexural strength and flexural modulus of the
laminates. The data is presented in Figure 5.8. As the CB concentration increases, the
flexural strength increases. When the CB concentration is 2 wt.%, the flexural strength
reaches a maximum value of 730.08+12.77 MPa. Compared with the unmodified, 0 wt.%
CB laminate, an increase of 31% is observed. When the CB concentration is 3 wt.%, the

flexural strength decreases slightly. At higher nanoparticle concentrations, nanoparticles
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may aggregate and these act as stress risers, which degrade the properties of the
laminate [155]-[157].

Figure 5.8 shows that there is no statistically significant variation in flexural modulus
across the series. An ANOVA test gives a p-value of 2.065, which is lower than the critical
F value of 3.06 for an a of 0.05. As a result, there is no statistically significant difference

in the flexural modulus of elasticity across these samples.

This set of results thus implies that even though the CB particles are expected to have a
higher stiffness than the IN2/AT30S resin, the low concentration and fact that the particles
are not compressed to the point where they are touching means they do not impede the
compression of the resin and thus have no effect on the flexural modulus. However, the
CB nanoparticles do impede failure in the system. Nanoparticles are known to prevent
crack growth through a variety of mechanisms and thus improve fracture properties, as

shown in Figure 5.7. It has also been widely reported in the literature [296]-[300].
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Figure 5.8 The flexural strength and modulus of the laminate with different CB wt.%. The error bar is the

standard deviation of 5 samples.
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5.5 The through lamella (z-direction) thermal properties
Figure 5.9 (a) and (b) present the z-direction thermal conductivity and thermal capacity
of the series of samples over the temperature range 20 to 250 °C. CB nanoparticles, which
have higher thermal capacity and conductivity than epoxy resin, can effectively boost the
thermal properties of CFRP at low concentrations. Compared with unmodified CFRP, the

thermal conductivity increases by 30% and thermal capacity by 50% of CFRP for 3 wt.%.

For all CFRP samples, there is a significant increase in thermal conductivity and heat
capacity with increasing temperature. Compared with the thermal conductivity of
laminates at 30 °C, that of laminates at 250 °C increases by 30-40%. The heat capacity of
CFRP at 250 °C is 80-90% more than that at 30 °C. There is no noticeable difference in

the gradient among different CFRPs; the data shows an offset with some scattering in the

data points.
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Figure 5.9 (a) The thermal conductivity and (b) the heat capacity of CFRP with different CB wt.% in the
matrix as a function of temperature. The error bar is the standard deviation of 3 times measurement, which

is no more than 0.03 and not apparent in the graphs.

The experiment data of thermal conductivity was compared to a model result calculated
by the rule of mixtures. Equation 5.2 was used to compare the results of the experiment;
see Table 5.4. The thermal conductivity of carbon fibre and epoxy resin are taken from
the literature [301]-[303], 7 and 0.2 W/(m-K), respectively. As the concentration of CB is
small (3 wt.% or 1.74 vol.% maximum in the matrix) compared to that of the carbon fibre

(about 50 vol.%), we assumed that the thermal conductivity of CB is the same as that of
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carbon fibre. As expected, the thermal conductivity from the experiment is close to the
lower bound thermal conductivity from the model. The experiment data measures the
thermal conductivity in the z-direction, that is, the direction perpendicular to the fibre axis

and should, therefore, be close to the lower bound value.

(L+ﬁ)-1 <k, <fk+(1—f)k
ki kym o T T m Equation 5.2

Table 5.4 The comparison of model and experiment result for thermal conductivity of CFRP with different

CB wt.%

Volume Thermal Thermal Thermal conductivity Thermal
Material frlaction of (;onductivity conduc.tivity from model conductivity

fibre and fibre and CB matrix (Ke/(W/(m-K)) from

CB(f/vol.%) (ke/ (W/(M-K)) | (kn/(W/(m-K)) | lowest highest | experiment (ko)

Owt.% 57 7 0.2 0.45 4.08 0.325
Twt.% 53 7 0.2 0.41 3.80 0.356
2wt.% 50 7 0.2 0.39 3.60 0.467
3wt.% 48 7 0.2 0.37 3.46 0.501

The increase rates of the thermal properties of CFRP with temperature increases are
calculated, which are plotted in Figure 5.10. Though the increase rate of thermal
properties increases with CB concentration increasing, these increases are not obvious.
As a result, the CB nanoparticles improve the thermal conductivity and heat capacity of
CFRP by enhancing the properties of the matrix (epoxy resin) and do not significantly

affect fibres or the interface between fibres and matrix.

The significant increase in heat capacity around 40% for a 3wt.% addition of CB implies
that there is a considerable increase in phonon scattering with the addition of CB. As a

result, the CB is well distributed in the resin and not concentrated at the interface.
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Figure 5.10 (a) The heat capacity. (b) The thermal conductivity of CFRP with different CB wt.% in the matrix
at 30 °C.

5.6 Conclusion

This study investigates the influence of CB on CFRP. SEM analysis is inconclusive as to
the location of the CB, but it does not show that CB nanoparticles are agglomerated at
the interface. The mechanical and thermal properties suggest that the CB is well
dispersed in the matrix and not agglomerated around the fibres. As a result, CB effectively
enhances the properties of CFRP by modifying the matrix. When the CB concentration
increases to 2 wt.%, CFRP shows the optimal electrical and mechanical performance.
This result is consistent with the influence of CB on epoxy resin, as discussed in section
Chapter 4.
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Chapter 6 Result and Discussion Part 3 — DEC of CFRPs with
2wt.% CB

The CB particles were incorporated into IN2 resin at 2 wt.% of the epoxy matrix, and the
“prepreg” of CFRPs was prepared by hand layup and vacuum consolidation. The samples
are manufactured using traditional manufacturing methods (ovens and autoclaves) and
direct electrical cure (DEC). The conductivity of the CB fillers enabled four different
contact arrangements for DEC. This section discusses the curing process by DEC, the

properties of samples manufactured by DEC, and traditional manufacturing methods.

6.1 The physical properties of CFRP with 2 wt.% CB
Table 6.1 represents the physical properties of CFRP samples with 2 wt.% CB, which

DEC, autoclave, heat press or oven cured. The fibre volume fraction is elevated in CFRP
samples manufactured by the hydraulic press, which includes both the heat press and
DEC samples. This is expected as the pressure of the hydraulic press (2 MPa) is higher
than that of the oven (0.08 MPa) and autoclave (0.7 MPa). The application of pressure
before the curing process leads to some expulsion of the low-viscosity matrix from the

samples, with more matrix lost at increased pressures.

Table 6.1 The physical properties of the CFRP samples. (The error is the standard deviation of three

samples.)
Density’ . . . Void

Curing ensity Flbre volume Flpre mass Thickness fraction?

(g/lcmd) fraction (vol.%) | fraction (wt.%) (mm) (vol.%)
DEC-Inside-Inside 1.42+0.0016 44.36+0.24 55.84+0.24 | 4.22+0.02 | 1.54+0.17
DEC-Inside-Outside 1.42+0.0009 44.44+0.14 55.92+0.14 | 4.38£0.02 | 3.53+0.27
DEC-Outside-Outside | 1.44+0.0079 47.20£1.20 58.63+1.18 | 4.18£0.04 | 3.24+0.41
DEC-Top-Bottom 1.45+0.0014 48.4140.22 59.82+0.21 3.87+0.12 | 5.09+0.12
Heat press 1.46+0.0009 49.47+0.14 60.83+0.13 | 3.7320.03 | 2.69+0.52
Oven 1.40+0.0125 40.54+1.89 51.9541.96 | 4.53+£0.05 | 2.65+0.41
Autoclave 1.41+0.0030 42.20+0.45 53.67+0.46 | 4.4820.07 | 1.47+0.19

'As determined by Helium pycnometer. ?Determined from helium and density balance data, therefore,

should be regarded as a higher limitation. See Supplementary Information

As a result of the higher consolidation pressure, the samples manufactured by the
hydraulic press have lower thicknesses and higher fibre volume fractions, as shown in

Figure 6.1. Although this is not the optimal scenario for comparative analysis, the
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maximum discrepancy in the fibre volume fraction is less than 10%. Furthermore,
irrespective of the curing method employed, the measured void fraction of the sample
remains below 6%. However, it should be noted that this void fraction represents a higher

limitation, which has been explained in section 5.2.
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Figure 6.1 The volume fraction of fiore and sample thickness in different manufacturing methods. The value

is the average of 3 samples, and the error bar is the standard deviation.

6.2 Resistance changes of 2wt.% CB-CFRP during the DEC
process

Figure 6.2 shows that the resistance and central temperature in the middle layer of 2 wt.%
CB-CFRPs (see section 3.7.2) in four DEC configurations with time during the curing
process. A salient characteristic observed is that during the initial stages of the curing
process, there is a sharp decrement in resistance concurrent with the increment in
sample temperature. For reasons of health and safety, the rate of temperature increase
was confined to about 0.5 °C/min via manual control and the swift thermal response
elicited by minor current adjustments. This rate is inferior to those observed in
conventional curing methods, though this can be improved via the implementation of an

automated control system.

In this process, Joule heating is responsible for the thermal excitation of the resin, resulting
in an initial decline in viscosity as the temperature increases. This lower viscosity

accelerated the diffusion of CB nanoparticles. Simultaneously, the polymerization of resin
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induced a reaction-induced phase separation (RIPS). In this process, CB nanoparticles
form networks that reduce the system's resistance. At a curing time of 75 minutes, the
temperature is close to 60 °C, and the resistance begins to stabilize. At this point, the
polymerization degree is elevated, leading to an increase in viscosity and a consequent
decrease in the movement of CB nanoparticles. This plateau in resistance is a clear

indication that curing is almost complete.

The phenomenon of RIPS is frequently encountered in materials such as polyurethanes,
polymer blends, and solutions [304]. The occurrence of phase separation is
fundamentally attributed to the decrement in configurational entropy of the polymer in
comparison to the monomer [305]-[307]. This phenomenon has been extensively
documented in polymer-nanoparticle systems by numerous researchers, thereby

establishing its commonality [308]-[310].
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Figure 6.2 The central temperature rise and resistance changes of CFRP with time during the DEC process
under different copper contact configurations (a) Inside-Inside (b) Inside-Outside (c) Outside-Outside (d)

Top-Bottom.
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6.3 The temperature distributions during the DEC process

There is a range of literature that explores the temperature distributions within CFRP
during the DEC process. Collinson et al. [219] employed an outside-outside configuration
of DEC to cure CFRP prepreg. They observed a temperature differential of 11 °C,
marginally exceeding the 7 °C differential noted in this study for the same configuration. A
3k plain weave with a vacuum infusion system is utilized, but the consolidation pressure
was not mentioned. It is noteworthy that in the study of Hayes [29], there is consolidation
pressure with 0.97 bar pressure in the manufacture of CFRP, and the maximum

temperature difference is between 15 °C and 20 °C.

Figure 6.3 shows that the temperature differences within a sample are small, with a
maximum difference of 10 °C, which occurs in the Inside-Inside mode. The smallest
difference is observed in the Top-Bottorm mode, which is half of this at 5°C. As a result,
the DEC manufacturing method demonstrates an effective temperature distribution during

the curing process.

During the DEC process, the samples are positioned in the heat press, compressed by
two unheated steel plates, and electrically insulated by PTFE sheets of 0.3mm thickness.
The heat loss is mainly caused by conduction via the PFTE film on the large steel plates.
The Top-Bottom configuration situates the large area of electrical contacts immediately
adjacent to the PTFE, which, in conjunction with a more uniform current distribution
through the thickness of the sample, results in the most uniform temperature distribution.
However, even with this configuration, the Top and Bottom temperatures are low due to

heat conduction to the platens.

In the Outside-Outside and Inside-Inside modes, the electrodes contact two sides (left
and right) of only two carbon fibre plys in Outside-Outside and four plys in Inside-Inside
modes. The electrical current predominantly flows through these plys. In the Outside-
Inside mode, the current must traverse through the resin layers. Compared with the Top-
Bottom mode, the temperature distribution is similar. It implies that the current must flow
through most of the sample with the carbon fibre plys at the top and bottom, which
effectively function as electrodes. In the Top-Bottom mode, the current permeates through

the entire sample. The whole sample thickness generates Joule heating instead of a
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localised region. Thus, the temperature distribution in the Top-Bottom mode is more

uniform than the other three modes.

Another general feature observed is that in all four DEC modes, the highest temperatures
occur in close to positive electrodes, followed by areas close to negative electrodes. This
phenomenon is also demonstrated in the DEC study of Collinson et al. [219]. The contact
resistance at the interface between copper and carbon fibre plays the most significant
role here. Furthermore, the elevated temperature of the positive electrode implies that
differences in electrochemical potential are influential. Essentially, the positive electrode

reverse biases the copper-carbon junction, thereby generating more heat.
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Figure 6.3 The temperature rise of different points in CFRP with time during the DEC process. (a) Inside-
Inside (b) Inside-Outside (c) Outside-Outside (d) Top-Bottom
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6.4 Comparison of flexural testing for DEC CFRPs with 2 wt.% CB
in matrix

Figure 6.4 represents the flexural properties of CFRPs with 2 wt.% CB in matrix. There
was no statistically significant change in the flexural strength or modulus of samples
manufactured by these different methods. However, to thoroughly test this, an ANOVA
test was undertaken. With a significance level, a, set at 0.05, the F-statistics for strength
and modulus are 1.55 and 0.72, respectively, falling below the critical F value of 2.69.
Consequently, it can be inferred that the flexural strength and modulus of CB-CFRPs
manufactured by DEC are commensurate with those manufactured by traditional

manufacturing methods.

It is noteworthy that the samples cured in the oven and the autoclave exhibited a slightly
greater thickness compared to those subjected to hot pressing and DEC, as depicted in
Figure 6.1 and Table 6.1. A review of analogous comparisons in existing literature between
DEC and conventional curing methods corroborates the assertion that DEC is on par with

traditional methods in terms of flexural properties [29], [224], [311].
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Figure 6.4 The flexural properties of CFRPs with 2 wt.% CB in matrix manufactured by DEC (Inside-Inside,
Inside-Outside, Outside-Outside, Top-bottom) and traditional manufacturing methods (Autoclave, Oven,
and Heat Press). The average value is from 5 samples, and the error bar is the standard deviation of

samples.

6.5 The Degree of Cure (DoC) of CFRPs with 2 wt.% CB
Figure 6.5 shows that the DoC for CFRPs with 2 wt.% CB in matrix. The DoC of samples

manufactured by autoclave, oven, and heat press is slightly higher than that of DEC. The
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sample manufactured by autoclave has the highest DoC value, which is 99% at the centre
and 98% at the edge.

The difference in the DoC between the centre and edge of CFRPs manufactured by
traditional manufacturing methods is less than that of DEC, which implies a more uniform
time-temperature profile in these systems. For DEC, the maximum difference in DoC
between the centre and edge is 2%, corresponding to the sample manufactured by DEC
with Inside-Inside mode, which also has the lowest DoC, 90-92%. However, the sample
manufactured by Top-Bottom mode has the highest DoC values and the smallest centre-
edge difference, about 1%, which compares favourably with the literature [29], [219],
[220]. In a comparative study with traditional curing, the Inside-Inside mode resulted in a

maximum DoC difference of approximately 2%.

While the incorporation of CB does not entirely rectify the variations in cure, it does reduce
differences when combined with the Top-Bottom and Outside-Outside configurations,

achieving a level of performance comparable to conventional methods.
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Figure 6.5 The DOC of CFRPs with 2 wt.% CB manufactured in different methods (DEC (Inside-Inside,
Inside-Outside, Outside-Outside, Top-bottom) and traditional manufacturing methods (Autoclave, Oven,

and Heat Press))

6.6 Energy consumption
Figure 6.6 describes the total energy consumption of CFRP manufacturing using different

manufacturing methods. Compared with traditional manufacturing methods, the energy
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consumption of the DEC method is significantly lower. As expected, the autoclave is the
highest at 559.15 J/mm?,

In terms of DEC modes, the Outside-Outside and Top-Bottom modes demonstrate the
most efficient energy consumption. The energy expenditure in these two modes
constitutes 57% and 65% of that in the Inside-Inside mode. The Inside-Inside mode is
characterized by a rapid escalation in temperature, an extended high-temperature region,
the most substantial temperature fluctuation, and the lowest DoC. This uneven
temperature distribution can be attributed to the suboptimal thermal conduction

perpendicular to the carbon fibres and the presence of unheated steel plates.

As a result, though DEC can effectively reduce energy consumption, the insulation of the
part, as well as electrode placement (avoiding the Inside-Inside mode), needs to be

considered more carefully in future work.
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Figure 6.6 The energy density of the curing process in different manufacturing methods

6.7 Conclusion
Direct electrical curing (DEC) emerges as an economically efficient and feasible
alternative for the low-energy curing of CFRP. Compared with traditional manufacturing
methods, top-bottom modes in DEC significantly reduced energy consumption, which is
8.7% for autoclaves and 33.2% for ovens. The inclusion of 2 wt.% CB into the epoxy resin
improves the flexural strength of CFRPs. This addition not only enhances the temperature

distribution but also facilitates both the final DoC and the uniformity of cure across an
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extensive array of DEC contact modes. In addition, CFRP samples manufactured by DEC
show the same good performance on mechanical properties as those by traditional
manufacturing methods. The DoC by DEC for equivalent cure times is comparable at 95%

but lower than that by traditional curing methods, i.e. 98%.
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Chapter 7 Result and Discussion Part 4 — DPIF of CFRPs with
2 wt.% CB

The CB nanoparticles were incorporated into IN2 resin at 2 wt.% of epoxy resin, and the
“prepreg” of CFRPs was prepared by hand layup and vacuum consolidation. In this
section, a novel CFRP manufacturing method, double-point incremental forming (DPIF)
with direct electrical curing (DEC), was proposed. The temperature distribution and
changes during the curing process were discussed. The numerical result calculated by
finite element analysis is used to compare with the experiment result. In addition, DPIF
was compared with traditional manufacturing methods (autoclave and oven) in terms of
energy consumption, DoC of the cured sample, and mechanical properties of the cured

sample.

7.1 The curing reaction equation building
The DSC curves of the IN2/AT30S resin are shown in Figure 7.1. With increasing heating
rate, the exothermic peak narrows; the temperature (7,) of the peak heat release and the
heat flow at this peak increase. When the same curing degree is reached, the
corresponding temperature of the sample with a faster heating rate is higher. As a result,

the exothermic peak of the curing reaction shifts to the high-temperature direction.
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Figure 7.1 DSC curves of IN2/AT30S resin at different heating rates
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7.1.1 Kissinger equation

From the DSC data, Kissinger details how the relevant kinetic parameters can be

determined [312]. Table 7.1 shows the kinetic parameters of the curing. Then, the plot of

In(B/T,?) against 1000/T, and its fit line can be drawn, which is shown in Figure 7.2 (a).
The E, and A values can be calculated, which are 52877+6235.5 J/mol and
0.4866+0.0412 %108 s" respectively.

Table 7.1 The kinetics parameters of curing reaction different heating rates

In(B/(Tp)*2)

-8.8 1 o

3.2 - u
-9.0 +
- 3.0 9
-9.2 281
£
26 -
-9.4
2.4 -
_9.6 -
. .
T T T Y T T T T 22 T T T
242 2.44 2.46 2.48 2.50 2.52 2.54 2.56 0.00240 0.00245 0.00250 0.00255
1000/Tp 1/Tp
Equation y=a+b*x Equation y=a+b*x
Plot In(B/(Tp)'2) Plot Inp
Weight Mo Weighting Weight No Weighting
Intercept 6.64 +187 Intercept 19.12 £ 1.52
Slope -636+x075 Slope -6554 79+ 13,45
Residual Sum of Squares 0.01013 Residual Sum of Squares 0.01344
Pearson's r -0.9863 Pearson's r 0.99017
R-Square (COD) 0.97279 R-Square (COD) 0.99958
Adj. R-Square 0.95919 Adj. R-Square 0.99944
(@) (b)

Figure 7.2 (a) The plot of In(B/Tp?) against (1000/Tp) and (b) the plot of In(B) against (1000/Tp). Fit to
straight lines, the output to the fit is in the tables below the figures (OriginPro).
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7.1.2 Crane equation
The Crane equation is used to determine the order of reaction (n). The plot of In(8) against
1/T, and its fit line can be drawn, which is shown in Figure 7.2 (b). The n value is 0.97+0.02.
This data is close to the reference [313], [314].

As a result, the curing reaction equation can be built as Equation 3.8.

da 52877
= = 486600 e®31aT - (1 — )7 Equation 7.1
7.2 The consolidation load changes during the DPIF process.

Figure 7.3 shows the consolidation load changes in the curing process when the copper
tools press the sample to 160N and keep it in the same position. As the composite is
cured, the epoxy resin’s density increases. It is a common occurrence in polymerisation
and is referred to commercially as “shrinkage”. If the external tools are kept at fixed
positions during this process, the force they experience will reduce as this shrinkage
occurs. Thus, the change of force over time gives a measure of the process of curing.
However, it does not provide a reliable measure of the degree of polymerisation, but it is
sufficient to indicate that the tools can move to the next step in the process. In this process,
the DoC of the sample and the stiffness of the sample increase. After 60 seconds, the
DoC of the sample is high, and the change in stiffness is small. As a result, the decrease

in load is slight. If increasing the time, the curve will be close to stable.
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Figure 7.3 The load change during the DPIF process in the first 60 minutes.

7.3 The temperature changes during the DPIF process.

The temperature changes of the copper tools for one DPIF point are discussed to analyse

the temperature control and heat transfer of the sample during the DPIF process.

7.3.1 The temperature changes on the inside of copper tools.
Figure 7.4 shows the temperature changes inside the copper tools during the DPIF
process. In the first 20 mins, the temperature, as measured by the thermocouples on the
copper tools, increases to 80 °C and 70 °C for the top and bottom tools, respectively. Then,
the temperature was controlled at 70-90 °C for the top tool and 60-80 °C for the bottom
tool. This temperature fluctuation is due to the manual power control. The temperature
quickly reduced when the tools were moved away from the sample. In addition, the higher
temperatures for the top tool, which is connected to a positive electrode, suggest that
differences in electrochemical potential play a part. In essence, the positive electrode

reverse biases the copper-carbon junction and thus generates more heat.
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Figure 7.4 The temperature changes of copper tools during the DPIF process in the first 120 min (there is

no noticeable change after 120 min).

7.3.2 The temperature changes of a fixed point in the sample
Figure 7.5 shows the top, middle, and bottom temperature changes of a point in the
sample, which is about 30mm in the x direction from the start cure point. In the red circle,
the copper tools directly contacted the electrically insulated thermocouple. In the blue
circle, the tools passed close to the thermocouple. The thermocouples show both a rapid
temperature rise (130 °C/min) and a rapid cooling (100 °C/min). The thermocouples also
show a significant difference between the top and middle contacts, 185 and 165 °C,
respectively. As it already stated and observed by other authors, the difference in
temperature between the top (closed to the positive electrode) and bottom (closed to the

negative electrode) is seen in the DC electrically cured systems [219], [311].

According to a simplified numerical analysis that only considers the heat transfer between
the sample surface and its middle from a heated tool, the temperature difference is
expected to be 70 °C. However, the clear advantage of Joule heating is that it reduces
this to the observed 20 °C. As a result, the DoC distribution in the z direction is more

uniform (the specific analysis can be seen in section 7.4).
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Figure 7.5 The temperature recorded by the thermocouples at the top, middle, and bottom positions of a
fixed point in the sample, which is 30 mm in the x direction from the start point during the DPIF process.

(b)The magnified image for the red circle in Fig (a) is from 3.5 to 8.5 minutes.

7.4 The DoC changes at a fixed point during the DPIF process.
From the Arrhenius equation (see Equation 7.1), derived from the DSC analysis, and the
temperature profiles in Figure 7.5, the DoC changes at a fixed point during the DPIF
process can be estimated, which is shown in Figure 7.6. When the prepreg was prepared,
it was left to cure at 20 °C for 16 hours partially. Thus, the initial DoC is 62%. In the curing
process, there are two rapid growth periods in DoC, which are marked by red and blue
circles, corresponding to those in Figure 7.5. In the first period, when the copper tools
directly contact the fixed point, the DoC of the surface position is over 90%, and the DoC
of the middle position is 85%. When the tool moved through one loop and returned to a
position close to the fixed point, the DoC of the points increased for all positions to over
90%.
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Figure 7.6 The DoC changes at the fixed point during the DPIF process

7.5 The numerical simulation compared with the experiment.

7.5.1 The temperature change of a fixed point
The time evolution of temperature in a fixed point 30 mm from the start position is shown
in Figure 7.7. The simplified numerical simulation is shown as the blue open symbols, and
the experiment recorded by the thermocouple is the red closed symbols. The difference
between the two results is small in the heating process. As a result, the numerical result
of CFRP can be used to estimate the temperature distribution during the DPIF process.
The simulation does not model the heat loss effectively, as can be seen in comparisons
of the cooling profiles between 15 and 25 minutes and after 40 minutes. Due to the

simplified model, this numerical result can only be regarded as a crude approximation.
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Figure 7.7 The experimental (red closed symbols) and simulation (blue open symbols) temperature changes

at the fixed point during the DPIF process

Figure 7.8 shows the DoC from the experiment result and numerical result. In the
numerical result, the DoC value rapidly increases and is close to 1 in a short time. However,
the increased speed in the DoC of the experiment result is lower. The difference in DoC
indicates that the numerical result did not consider the heat loss effectively. As a result,

to reduce the difference, the FEA module will need to consider the heat loss of the sample
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Figure 7.8 The DoC from the experiment result and numerical result

7.5.2 The temperature distribution of the sample surface
Figure 7.9 shows the temperature distribution of the sample during the DPIF process, as
measured by a FLIR thermal imaging camera (left) and the simulation results (right). The
images from the thermal imaging camera show that the heat distribution from the cure
point is a cross, although this feature is weak. Due to the woven nature of the carbon fibre,
the thermal conductivity along the fibre (K1 and K2) are higher (about 7 W/(m-k)), but at
45 ° to the fibre axis (K12) is much lower (about 0.3 W/(m-k)). In the simulation, K2 and Kzs
are defined as the thermal conductivity of resin, which did not consider the influence of
carbon fibre. Figure 7.10 describes the temperature data from the numerical result and
IR image at different positions when the heating position is 60 mm X. There is no
significant difference between the two data groups. As a result, numerical results can be

used to simulate the temperature distribution around heating resources.
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Figure 7.9 The temperature distribution measured by the thermal imaging camera and the numerical result
when heating points at (1)0 mm, (2)20 mm, (3)40 mm, and (4)60 mm. The camera cannot image the area

directly beneath the tool, which is the red area in the simulation.
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Figure 7.10 The temperature distribution from the numerical result and IR image results when the heating
point at 60 mm

7.6 The cure problem in the DPIF process

In the DPIF process, the sample is consolidated, and this leads to a deformation of the
surface. Figure 7.11 shows that there is obvious deformation at the top, where the tools
first contact the sample, due to the consolidation pressure. Here, a 45° orientation was
chosen to highlight the effect. However, this deformation is not apparent in the second

and later rows in the curing path. Figure 7.12 shows the temperature changes measured
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by the simulation result and DoC changes calculated by temperature and Arrhenius
function at three different points: 0, 15 and 30 mm (marked in Figure 7.11, as red, blue
and green points, respectively). When consolidating the points in the first row (0 mm), the
DoC and stiffness of these points are low. As a result, high pressure leads to the
deformation of the sample. However, when heating the points in the 2" and later row (15
and 30 mm), due to the heat transfer from the tools passing on the 0 mm pass, the initial
DoC is higher, and the deformation is not observed. This effect is present in all but the
first row of curing. When curing the point at 15 mm and the point at 30 mm, the initial DoC
is around 0.8 compared with 0.62 for the first point. As a result, when pressing points in
the 2" or later row, the stiffness is higher and no obvious deformation at the same external

load.

Figure 7.11 The back profile of the CFRP sample cured by DPIF (red:0 mm, blue:15 mm, green: 30 mm,
orange is on edge, purple is in the centre. The white dash line with arrow shows the movement path of

tools).
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Figure 7.12 (a) The temperature changes collected from the numerical result and (b) DoC changes
calculated by temperature and Arrhenius function at three different points 0, 15 and 30 mm during the DPIF

process.

7.7 Physical properties
Table 7.2 compares the physical properties (composite density and volume and mass
fraction of fibre) of DPIF aminates versus those manufactured by traditional techniques.
Samples manufactured by DPIF have the same physical performance as those

manufactured using traditional manufacturing methods.

Compared with other manufacturing methods, due to the high pressure in the curing
process, the void content of the autoclave cured samples is the lowest, at around 1 vol.%.
Due to the effect of the contact arrangement, the void content is higher in the DEC
manufacturing method than in other manufacturing methods. In addition, the voids are
calculated by the density measured from density balance and helium pycnometer. The
density calculated by the helium pycnometer is the more reliable, as the helium penetrates
small crevices and holes in the sample. However, the bulk density calculated by density
balance could be lower than the actual value. When immersing the sample in the water in
density balance, there are probably some air bubbles trapped around the sample, which
increases the volume of the sample in the calculation. As a result, the calculated void

fraction should be regarded as a higher limitation.

155



Table 7.2 The physical properties of CFRP with different manufacturing methods. The error is the standard

deviation of three samples.

Manufacturing Composite Fibre volume Fibre mass Thickness | Void fraction
methods density (g/cm?®) | fraction (vol.%) | fraction (vol.%) (mm) (vol.%)
DPIF 1.39+0.008 39.3+1.24 50.6+1.3 4.25+0.01 2.1940.80
Oven 1.40+0.0125 40.54+1.89 51.95+1.96 4.53+0.05 2.65+0.41
Autoclave 1.41+0.0030 42.20+£0.45 53.67+0.46 4.48+0.07 1.47+0.19
7.8 Mechanical properties

This study considered tensile tests and flexural tests to discuss the influence of different

manufacturing methods on the mechanical properties of CFRP.

7.8.1 Tensile properties
The tensile properties (tensile strength and Young's modulus) of CFRP are shown in Figure
7.13. In this project, the fibre used is 2x2 twill weave fibre, and the loading direction is
along the fibre in the tensile test. As a result, this is a fibre-dominated property. As
expected, there was no statistically significant difference in the tensile strength and
Young's modulus of CFRP samples. The ANOVA tests show an F value of 2.5 and 0.06
for the tensile strength and Young’s modulus data, respectively, with critical F values of
3.48 for a level of significance, a of 0.05. Thus, there is no statistically significant
difference in both the tensile strength and Young’s modulus in these samples. Therefore,
DPIF manufacturing does not significantly damage the carbon fibre and does not degrade

its mechanical performance.
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Figure 7.13 The tensile properties (tensile strength and Young’s modulus) of CFRP with 2wt.% in the matrix
manufactured in different methods. The average value is from 5 samples, and the error bar is the standard

deviation of samples.

7.8.2 Flexural properties
Figure 7.14 shows the flexural properties (Flexural strength and Flexural modulus of
elasticity) of CFRP samples with 2 wt.% CB in the matrix. ANOVA test was used to analyse
the difference in flexural strength and flexural modulus of 12 samples between the
manufacturing methods. For an a of 0.05, the F value is 1.248 and 1.959 in flexural
strength and modulus, respectively. Both are far lower than the critical F value of 4.07. As
a result, compared with the traditional manufacturing methods, DPIF shows no statistically

significant difference in flexural properties.
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Figure 7.14 The flexural properties (flexural strength and modulus) of CFRP with 2wt.% in matrix
manufactured in different methods. The average value is from 4 samples, and the error bar is the standard

deviation of samples.

7.9 The DoC of samples manufactured in different methods

Figure 7.15 shows the DoC of middle and edge positions in samples manufactured by the
different methods. The DoC of the middle in all samples is high, over 0.95. However, the
DoC of the edge position in the sample manufactured by DPIF is the lowest of the three
manufacturing methods, which is only 0.87, and is significantly lower by about 0.09 than
that of the other manufacturing methods. The reason for this is discussed in section 7.6
and Figure 7.12 above. In the edge position (purple circle), the sample was not directly
heated by tools. The heat energy is from the heat transfer when heating the 1t row in the
sample, which is lower than that in the centre position. However, due to the chamber
heating, this difference is tiny, close to 0.02, in the autoclave and oven. All in all, DPIF

shows good uniformity in DoC beyond the first passes of the tool.
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Figure 7.15 The DoC of the middle and edge in the sample manufactured by different methods.

7.10 Energy consumption
Energy consumption is an essential economic factor when considering manufacturing
operations. Whilst it must be recognised that the highest greenhouse gas contribution is
in the manufacture of carbon fibre, any method that limits greenhouse gas emissions in
manufacturing is beneficial. The energy consumption of the different manufacturing
methods is shown in Figure 7.16. Compared with autoclave and oven curing, the energy
consumption of DPIF is low. In terms of 15 plies, the energy consumption of DPIF is only
4% and 15% of that of autoclave and oven, respectively. In addition, when comparing the
energy consumption for different sample thicknesses, i.e. between 15 and 5 plies, the
energy consumption was reduced by 57.5%. However, this change is negligible for oven
and autoclave cure, which is only 6.1% and 6.9%, respectively. Indicating the significant
energy expended to heat the ovens and autoclaves as opposed to the part. As a result,

DPIF is a cost-effective method to produce parts using carbon fibre.
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Figure 7.16 The energy density of different manufacturing methods.

7.11 PID control

To control the curing temperature, a PID control system in LabVIEW is used to adjust the
current (to a maximum value of 10A) of the power supply to stabilise the temperature of
the top copper tool. The PID is proportional gain (Kc) 20, integral time (T;) 0.008, and
derivative time (T4) 0.001. To preheat the copper tools, the first point is heated for 90
seconds. After this, the first point, each point is heated for 30 seconds. Figure 7.17 shows
the temperature changes of the top and bottom tools (see section 3.9.2) during the curing
process under PID control. Under PID control, the temperature of the top tool is stabilized.
The cyclical fluctuation in temperature is due to the heat loss when the copper tools move
away from the sample. In addition, the maximum temperature difference between top and
bottom tools also is less than 10 °C. With the set temperature reduced, this difference is

smaller.
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Figure 7.17 The temperature changes of the top and bottom tools during the curing process under PID
control, as measured by the two thermocouples. The temperature of the inside copper is set to (a) 80°C,
(b) 70°C, (c) 60 °C, and (d) 50°C.

Table 7.3 shows the surrounding temperature, DoC and cure point temperature. An IR
camera measures the surrounding temperature. Because the copper tools block the line
of sight of the IR camera, the cure point temperature cannot be measured. Therefore,
based on the DoC value and cure time, the cure point temperature is simulated using a
numerical approach with the Arrhenius equation. The Arrhenius equation simulates the
process of the cure for the DoC prepreg, which starts at 62% cured. As a result, this
approach can effectively simulate the cure process. When the copper temperature is
80 °C, the cure point temperature is predicted to reach around 175 °C directly under the
tool, and the DoC value is over 85% within 30 seconds. As a result, DPIF can control the

curing temperature by PID control and cure the sample in a short time.
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Table 7.3 The surrounding temperature, DoC, and cure point temperature at different set temperatures

Copper temperature Surrounding DoC Cure point temperature (°C) (from
(°C) temperature (°C) Equation 7.1)
80 140 0.85 175
70 115 0.81 155
60 90 0.68 120
50 65 0.64 90

7.12 Conclusion

In this project, a novel manufacturing method, double-point incremental forming (DPIF)

with localised pressure-electrical curing (DEC), is discussed. It manufactures the CFRPs
via a localised force and electrical curing. This new method achieves mold-free
manufacturing technology. The mechanical tests (tensile test and four-point bending test)
and Differential Scanning Calorimetry (DSC) test show that CFRP manufactured by DPIF
has the same performance in terms of mechanical properties and DoC as that of

traditional manufacturing methods (oven and autoclave). In addition, compared with

traditional manufacturing methods, DPIF can effectively reduce energy consumption.
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Chapter 8 Conclusion and future work

In this chapter, a summary of the thesis is performed. First, all results and conclusions
drawn from this thesis are exposed. Then, the possible improvements to enhance the

quality of this project are discussed.

8.1 Conclusion
This thesis's principal aim is to use a novel manufacturing method, double-point
incremental forming (DPIF) with direct electrical curing (DEC), to manufacture the carbon
fibre-reinforced polymer (CFRP). This novel manufacturing method makes a significant
contribution to CFRP manufacturing. Compared with traditional manufacturing methods
(oven, heat press, and autoclave), DPIF with DEC can deliver manufacturing without
mould and with low energy consumption directly from a computer-generated design. In
addition, the CFRPs manufactured by DPIF have the same excellent performance as
those by traditional manufacturing methods. The main contributions of this thesis can be

separated into four sections, which are shown below.
e The dispersion of carbon nanomaterials in epoxy resin

This project studied the influence of carbon nanomaterials, including carbon black (CB),
carbon nanotubes (CNTs), and graphene, on the dispersion in epoxy resin. In addition,
the electrical and mechanical properties of carbon nanomaterial-modified epoxy resin
composites are studied. Graphene particles are unstable and quickly aggregate at room
temperature. The SEM and TEM images show that the carbon nanoparticles have a high
tendency to agglomerate, forming more significant structures. The high nanoparticle
agglomeration can boost the formation of electrical networks, which can reduce the
required concentration of nanomaterials to achieve percolation. It is consistent with the
result of fractal dimension and resistivity measurements, which indicates that the
percolation threshold is between 2 and 3 wt.% in CB/IN2/AT30 composite and around 2.5
wt.% in CNTs/IN2/AT30 composite. Due to the large aspect ratios in CNTs, they prove
difficult to mix and create highly viscous mixtures. Compared with other nanoparticle
dispersion methods, the overhead stirrer is the optimal mixing technique due to its high

working torque and minimal heat generation.
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During the curing process, the temperature is a critical factor. Higher curing temperatures
can boost the phase separation and improve the connectivity between carbon
nanoparticles. As a result, bicontinous spinodal networks can be formed, which enhances
conductivity at temperatures up to 150 °C. In terms of CB/IN2/AT30S composites, the
optimal tensile properties are reached at 2 wt.% CB, which matches the result of the
percolation threshold value (between 2 wt.% and 3 wt.%). As the CB concentration
increases to 4 wt.%, the tensile strength of the composite decreases by 2% compared to
that of the pure resin system. In addition, curing temperature has no apparent influence

on tensile properties.
e The influence of carbon black (CB) on CFRPs

This project investigates the influence of CB on CFRP. SEM images cannot determine the
location of the CB in CFPRs and do not show CB nanoparticles agglomerated at the
interface of CFRP. As a result, the mechanical and thermal properties suggest that the
CB is well dispersed in the matrix and not agglomerated around the fibres. CB effectively
enhances the properties of CFRP by modifying the matrix. When the concentration of CB
is 2 wt.%, CFRP shows optimal performance in terms of electrical and mechanical
properties. Compared with unmodified CFRP, the resistivity decreases by 52%, and the
flexural strength increases by 57%. These results are consistent with the CB in epoxy
resin results. CB significantly improves the thermal properties of CFRP beyond the rule of

mixtures.

e The carbon black (CB) modified carbon fibre reinforcement polymers (CFRPs) are

manufactured by direct electrical curing (DEC)

This project used the hand layup method to fabricate the CFRP “prepreg” with 2 wt.% CB
in matrix. The “prepreg” was cured by DEC with four different contact arrangements and
traditional curing methods (oven, heat press, and autoclave). The result shows that DEC
is a cost-effective and viable option for the low-energy cure of CFRP. Compared with
previous DEC research, the new contact arrangement (top-bottom mode, through the ply
stack) and external pressure on the sample improve the temperature distribution and both
the final degree of cure (DoC) and uniformity of cure. In addition, in terms of energy

consumption, DEC is 8.7% of the autoclave and 33.2% of the oven. However, DEC shows
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similar mechanical properties and DoC in comparison to traditional manufacturing

methods.

e Carbon black (CB) modified carbon fibre reinforcement polymers (CFRPs) are

manufactured by double-point incremental forming (DPIF)

This project explored a novel manufacturing method, double-point incremental forming
(DPIF) with localized pressure-electrical curing, which involves the production of CFRPs
via a localised force and electrical curing. This new manufacturing method can achieve a
mould-free manufacturing process. The mechanical tests (tensile test and four-point
bending tests) and DSC tests indicate that CFRP manufactured by DPIF shows
comparable mechanical properties and DoC to those manufactured by traditional
manufacturing methods (autoclave and oven). Compared with traditional manufacturing
methods, there is no obvious difference in mechanical properties. In terms of DoC, in the
middle position, there is no obvious change (about 0.98). In the edge position, the value
of DPIF is 0.09 lower than that of traditional manufacturing methods. Furthermore, in
comparison to traditional manufacturing methods, DPIF shows notable energy saving,
with a particularly significant reduction in energy consumption observed in small-size

samples, where energy use can be as low as 2% in comparison to the autoclave process.

8.2 Future work

e The Quantification of nanoparticle dispersion in epoxy resin

In this project, the quantification of nanoparticle dispersion is discussed by the fractal
dimension value and the resistivity of nanocomposites. However, these two methods have
apparent limitations. Fractal dimension values were obtained by analysing the optical
microscope images. However, the number of images is limited, and they may not be

representative.

In terms of resistivity, the project only shows a lower resistivity with a better dispersion.
However, the relationship between the resistivity, dispersion and the concentration of
nanoparticles has not been analysed. In future work, the quantification of nanoparticle

dispersion by the relationship among the above three factors will be investigated.
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Additionally, RIPS leads to a reduction in resistivity. This phase separation that creates a
network of conductive fibrils has not been determined. TEM and X-ray and Neutron

scattering may be helpful in determining the exact nature of this structure.
e The integration of the electrical curing control system

When electrical curing is used to cure CFRP sheets in DPIF, the power supplier is
controlled by a PID control system to stabilise the curing temperature. However, the
monitored temperature is the inside temperature of copper tools, not the surface
temperature of samples. As a result, in future work, an infrared camera will be used to
monitor the surface temperature of samples, and PID will be used to control the power
supply. In addition, the curing time and curing temperature of each curing point will be

modelled and optimized to save energy and time.
e Communication in DPIF machine

In this project, DPIF uses low-cost and open-source motion control. The critical issue is
the communication between the motion controller and LabVIEW. The buffer area of the

motion controller can only support limited characters and not real-time communication.

To overcome the above limitation, ethernet is one suitable communication performance
[315], which is most popular in industrial communication. It includes different
communication protocols, such as Ether CAT, Ethernet, ProfNet, and Modbus. They are
used in industrial applications such as robots, high-performance PLC systems, motor
control systems and input-output systems [316]. Compared with buffer communication,

real-time communication is better for motion with a closed-loop system.
e Large size sample

Due to the limitation of the clamp for the sample, the copper tool size, and the maximum
power of the power supplier, the CFRP samples manufactured by the DPIF are limited,
and the maximum size is 150mm x 150mm. If DPIF should manufacture CFRP samples
with larger sizes, the design of the clamp and tools should be considered, and the power

supplier with higher power should be provided.
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e Monitoring the temperature and DoC distribution

In this project, when DPIF manufactures the CFRP sample, there are only three
thermocouples (two are on the top and bottom surface, and one is in the middle at a fixed
position) to observe the temperature changes during the curing process. Then, according
to these data, the numerical result was calculated by Abaqus and used to simulate the
curing process. Though numerical results can present the temperature distribution, which
can calculate the DoC distribution by the Arrhenius equation, it is built in ideal conditions,

and its data is different from the data in experiments.

An infrared camera and thermocouple mesh can be used to monitor the temperature and
DoC distribution during the curing process, which can observe the surface temperature
and middle layer temperature of the samples, respectively. In addition, the temperature
recorded by an infrared camera and thermocouple mesh can be used to figure out the

DoC distribution using the Arrhenius equation.
e Complicated geometry shape sample.

In this project, CFRP samples manufactured by DPIF are laminated sheets. Due to only
three axes (x,y,z) and a low maximum press load (about 160N), it is challenging to
manufacture CFRP samples with complicated geometry shapes. To solve the above issue,
two five-axis CNC machines or two parallel robots can be used in DPIF, which has two
more axes (x and y rotation axes), which can help to manufacture curves or other
complicated shape samples. In addition, hydraulic actuation can be used to replace the
traditional mechanical actuation in DPIF. Hydraulic press can provide more flexibility and
control for complex forming processes. It can adjust the pressure and speed at any time
and can apply different forces to different parts of the workpiece. It can also press thick
samples and make obvious deformations in the samples to help manufacture complicated

shape samples [317].
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