The

University
Of
Sheffield.

Eftect of carbon nanotubes length
on thermal and mechanical
properties of carbon resin and
carbon fibre reinforced polymer

Najihah Mohd Tamyis

The University of Sheffield
Faculty of Engineering

Department of Mechanical Engineering

Thesis submitted in partial fulfilment of the requirements for the degree
of

Doctor of Philosophy

June 2018



Abstract

Over the last few decades carbon fibre reinforced polymer (CFRP) was used
extensively because it offers attractive mechanical and thermal properties. Aircraft and
some of high-end automobile constructions used CFRP, as it has an ability to be stuctured
to aerodynamic efficient configurations. However, multi —layer laminates failure behavior
is complex especially woven fabric composites. CFRPs’ typical failure modes include
matrix fracture, interface debonding between fibre and matrix and interlaminar
delamination. One of the techniques to overcome such failure modes is by reinforcing the
composites with nanoparticles. In this study, the objective is to develop a tougher resin by
dispersing multiwalled carbon nanotubes (MWCNTS) into the resin which will improve
the properties of CFRP composites. Two types of MWCNTSs were used which lengths, a)

MWCNT _long (length 10-30 pm) and b) MWCNT _short (length 0.5-2 um).

There are two main parts in this thesis i.e., the investigation of thermal and
mechanical properties of MWCNT_modified-epoxy and the investigation of mechanical
properties of the MWCNT _filled-CFRP composite with an emphasis on interlaminar shear

strength behaviour.

In the first part, an experiment was conducted to investigate the dispersion quality
of MWCNTSs as nanofillers in the resin systems. The effect of MWCNTSs on compressive
and flexural properties of epoxy polymers were studied. The epoxy resin used was Epikote
828 and dapsone (DDS) as the hardener. The thermal properties of MWCNT_maodified-

Epikote 828 as compared to Epikote828/DDS neat systems were also investigated. From



the results, the addition of MWCNT _short into Epikote 828 has significantly enhanced the

compressive and flexural modulus.

The second investigation was done to study the effect of MWCNT on the
interlaminar shear strength (ILSS) properties of Epikote828/CFRP composite by using .
A number of plane weave carbon fibre (CF) laminates were fabricated using the hand-layup
technique, wet resin impregnation and vacuum bagging techniques. The quality of laminate
such as void content, fibre and MWCNTSs volume fraction was examined. Short beam shear
(SBS) test was performed on the plane weave laminates to test the quality of ILSS. It was
found that the ILSS of MWCNT _short/Epikote828/CF CFRP composite was better than
the neat Epikote828/DDS CFRP composites. The addition of 0.38% of MWCNT_short

improved the ILSS of the CF/Epikote828 by 14 %.
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1 Introduction

1.1 Anover view

Reducing operating costs is an essential factor in the decision-making process in the
airlines business. One of the major components of the operating costs is the fuel,
therefore, a low fuel consumption is of great importance in this industry [1]. The impact
of government regulations on airplane emissions and fuel efficiency is driving the
change in the design of the modern aircrafts. Using new shapes and materials would
have significant impact on reducing fuel consumption by improving the aerodynamics
and using lightweight composite materials. This is not just cost effective, but it is also

more environmentally friendly [2,3].

The increased use of composites in aerospace industry is driven by weight reduction
and potential improvements in mechanical properties, such as fatigue behaviour.
Traditional aircrafts, which are mostly made of metal and aluminium, have been
replaced with aircrafts that have a higher proportion of composites. Nowadays,
composites, such as Carbon Fibre Reinforced Polymer (CFRP), are accounting for 65%
of the weight of an empty aircraft [4]. Aircrafts, such as Boeing 787 Dreamliner, Airbus
A350, A350XWB and Bombardier’s C-series, use composites for manufacturing of

fuselage and wing components [4-6].

1.2 Problem Statement
Laminated CFRP materials have been used widely in many industries, such as

automobile, aerospace and military. However, fastener holes and notches, which are



the source of stress concentration, and manufacturing defects, such as fibre
discontinuity, can cause up to 50% reduction in the compressive strength of the CFRP
composites laminate [7-9]. Thin panels used in aircraft structures are prone to buckle
as a result of compressive load, which then can lead to delamination due to interlaminar
shear stress (ILSS) [10]. ILSS is an important property in designing composite
structures, which can be a limiting design factor in using CFRP composites. ILSS

depends largely on the layer of the matrix between the composite laminate.

The compressive strength of woven CFRP composites is mainly affected by the micro-
buckling failure occurs in the produced parts. This failure occurs as a result of the low
shear strength of the polymer matrix or epoxy resin, as well as the imperfection of the
fibre waviness during the manufacturing process [9-11]. Compressive property of
CFRP is influenced greatly by the properties of the epoxy resin and the carbon fibre, as
well as the interfacial properties between the resin and the fibre [11-13]. Therefore,
different methods were used in order to improve mechanical properties, including the
ILSS. For example, weaving fibres in the direction of thickness and using Z-pins to
connect the laminate by stitching, weaving, braiding and knitting, which led to improve
ILSS notably [14-19]. However, these methods are labour intensive and costly and
require specific manufacturing processes [14,20]. Another promising method that can
be used to increase the strength of the epoxy and improve the ILSS is by the addition
of nanoparticles into a matrix resin. Therefore, producing CFRP with high strength and
stiffness requires a strong interfacial bonding between the carbon fibre and the epoxy
matrix. ldeally, tougher resin supported by carbon fibres is required in order to provide

an efficient load transfer and lateral support. Given that fibre waviness is hardly



avoided, the recent research works are focused on the development of a tougher epoxy

resin system by addition of nano materials.

There are extensive number of research on modifying epoxy resin with nano materials
such as carbon nanotube (CNT) [21-25]. By dispersing CNTs into epoxy, excellent
thermal properties and mechanical properties of CNTs, such as extremely high moduli
and stiffness, can be transferred to carbon fibre by interfacial bonding [26—28]. This
method can develop better resistance of carbon fibre towards micro-buckling and delay
cracks initiation. The new CNT-modified epoxy will improve compressive strength,
fracture toughness, in-plane shear and interlaminar shear stress, since these properties
are epoxy dominated. However, there are some factors that can affect the potential of
CNT-modified epoxy, including the degree of dispersion of CNT into the epoxy. Poor

dispersion of CNT can reduce the overall properties of carbon fibre (CF) laminates.

1.3 Aims and Objectives

The aim of this project is to increase the strength and toughness of the epoxy resin used
in the carbon fibre reinforced polymer (CFRP). The project is focused on the following

research tasks:

i.  Dispersing two types of multiwalled carbon nanotubes (MWCNT) in epikote

828 epoxy resin.



a) Investigating the degree of dispersion by TEM, SEM, XRD, Raman
spectroscopy and FTIR.
b) Analysing the thermal and mechanical properties of the MWCNT modified
epoxy resin and comparing them with pure resins.
ii.  Fabrication of MWCNT modified-CFRP composites and:
a) Investigating the interlaminar shear properties of CFRP laminate with

different epoxy resin systems.



2 Literature Review

2.1 Thermosets

Polymer materials are mainly divided into two categories; thermoplastics and
thermosets. Thermoplastic polymers can be melted back into liquid and since the curing
process is reversible, these polymers can be reformed and reused. This behaviour occurs
due to the weak attraction of intermolecular forces, known as Van der Waals forces,
between non-neighbouring segments of the same molecules or separate molecules [29].
On the other hand, thermoset polymers can cross-link during the curing process to form
an irreversible chemical bond, therefore, these polymers do not melt when reheated but
instead they degrade [30]. Covalent bonds are formed between polymer chains when
the crosslinking occurs. Crosslinking requires di-functional or multi-functional resin
and/or curing agent. The thermal and mechanical properties of the thermosetting
systems depend on the matrix component, i.e. the resin. The curing agent, which is a
highly reactive multi-functional group, creates an environment that will lead to
crosslinking of the resin. Thermosets have higher specific modulus than metal, in other
word, its resistance to deformation as a ratio of the material’s density is better than
metal. Thermoset is a good choice for applications where the weight is an issue. There
are various type of thermosetting resins, such as phenolic resin and epoxy vinyl ester.
Table 2.1 summarises various thermosetting resins with their precursors and field of
applications which; as adapted from Handbook of thermoset resins by Debdatta Ratna

[31].



Table 2.1: Various types of thermosetting resins and their field of application [31]

Resin

Precursor

Applications

Phenolic resin

Unsaturated polyester

Epoxy

Vinyl ester

Melamine

Urea

Furan

Bismaleimide

Phenol and formaldehyde

Dicarboxylic acids, diols
and reactive diluents e.g.,,
styrene

Epichlorohydrin and
bisphenols

Epoxy resin and acrylic or
methacrylic acid

Melamine and formaldehyde

Urea and formaldehyde

Furfuryl alcohol

Bismaleic acid and amine

Wood adhesive, moulding
compounds, foundry
binders, laminate
mouldings, electrical
laminates, ablative coating
casting and fibre composites
for household appliances,
automotive, aircraft
construction and
accessories, electrical and
lighting industries

Fibre composites for
mechanical equipment
surface coating, and
building construction,
electrical industries
Engineering adhesives,
paints and surface coating,
electrical laminates, fibre
composites for automotive,
marine construction and
aerospace applications.
Fibre composites for
mechanical equipment and
building construction,
marine construction,
electrical industries
Coatings, moulding
compounds, wood materials
processing, friction linings,
textile auxiliaries
Moulding compounds,
textile auxiliaries, wood
materials, foundry binder,
foams

Refractory materials
processing, fibre
composites, moulding
compounds, grinding
wheels, acid-resistant
cements

Fibre composites for
aircraft, rockets, missiles
and re-entry vehicles.




2.1.1 Epoxy-Amine systems

Epoxide resins are formed from the epoxide group shown in Figure 2.1. There are
several factors that make epoxy resins different from other thermoset resins; the
availability of the resins ranging from low viscous liquid to tack-free solid; use of a
wide range of temperature by judicious selection of curing agents with good control of
the crosslinking degree and low shrinkage [31,32]. Epoxy resins are widely used in
surface coatings (because it possesses high chemical and corrosion resistance),
structural adhesives, engineering composites and laminates in electrical and electronics
industries [31-33]. Epoxide rings in the epoxy resins experience a large amount of ring

strain and react freely in a ring opening in the growth reaction mechanism.

Figure 2.1: An epoxide group structure

There are several types of epoxy resin which are commercially used as matrices, such
as Diglycidyl ether of bisphenol A (DGEBA), Diglycidyl ether of bisphenol F
(DGEBAF), Triglycidy epoxide based on aminophenol (TGAP), Tetraglycidyl epoxide

based on DDM (TGDDM). The structures of the epoxides are shown in Figure 2.2.
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Figure 2.2: Structure of common epoxide resins

Curing agents or hardeners are used to develop and accelerate the growth of these resins
and to ensure the crosslinks occur in a large number. Several types of curative agents
are used to cure epoxies, such as amines, alcohols and thiols [32]. Ammines are
commonly used to cure epoxy resins due to their high functionality per amine. Figure
2.3 shows the structure of curative amines; 4,4-diaminodiphenyl and 3,3-
diaminodiphenyl sulfone. Amines can be grouped into three categories: aromatic,
aliphatic and cycloaliphatic. Details of these amines are summarised in Table 2.2 which

was adapted from Handbook of thermoset resin [31].
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Figure 2.3: Structure of amine A) 4,4-diaminodiphenyl and B) 3,3-

diaminodiphenyl sulfone

Table 2.2: Comparison of different type of amine properties for epoxy curing [31]

Type of amine Advantage Limitation

Aromatic amine Compared with aliphatic and  Curing requires high
cycloalipatic amine-cured temperature, mostly solid,
network, aromatic amine has difficult to mix.
high Tg, better thermal
properties and chemical
resistance.

Aliphatic amine Easy to mix, low viscosity,  Cured network can work only

low cost, fast reacting, room up to 80 °C, short pot life,high

temperature-curing. volatility and toxicity
Cycloalipatic amine Long pot life, better thermal  Poor chemical resistance, poor

properties and toughness solvent reisitance, high cost,

compared to aliphatic can only work at a service

amine-cured network, curing temperature < 100 °C

at room temperatur.

Commonly, DGEBA is used commercially and has been the focus of a number of
research pertaining to the resin’s chemical and mechanical properties. X.Gong et al

[34] investigated the decomposition behaviour and reaction mechanism of DGEBA



cured with 4-methyl tetrahydrophthalic anhydride (MeHHPA) with BDMA as an
accelarator and DGEBA cured with dapsone (DDS) in near critical water. X.Gong et al
found that DGEBA/MeHHPA/BDMA main chains were broken at the beginning of the
decomposition due to the presence of ester groups. While, the DGEBA/DDS system
was more difficult to decompose, due to the introduced benzene ring. X.Gong et al
concluded that the decomposition mechanisms were different between the epoxy resin
systems. For DGEBA uses MeHHPA/BDMA curing agent, the generated new ester
bonds of curing reaction are thermally unstable which leads to relatively low
decomposition temperature, as compared to the curing agent DDS. DDS contains rigid
groups of benzene, which leads to an increase in the heat resistance and subsequently a
relatively higher decomposition temperature [34]. Table 2.3 shows the results of
crosslinking degree studied by X. Gong et.al. The degree of crosslinking of
DGEBA/MeHHPA/BDMA and DGEBA/DDS were 6.5 x 10 mol cm™ and 4.4 x 107
mol cm3, respectively. Therefore the DGEBA/DDS has higher decomposition

temperature than the DGEBA/MeHHPA/BDMA.
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Table 2.3: The crosslinking degree of DGEBA/MeHHPA/BDMA and
DGEBA/DDS, results from X.Gong et.al [34]

Epoxy resin system DGEBA/MeHHPA/BDMA DGEBA/DDS
Tg (°C) 102.2 199.38
Storage
modulus(MPa)(Ty+50°C) 1.629 21.41
The degree of
crosslinking (mol cm) 6.5 x 10% 44x10°

2.2 Nano-filled CFRP composite

Aerospace industries are expanding the usage of CFRP/epoxy composite materials in
the building of aircrafts [4,35]. High performance composites, such as CFRP, have a
high mechanical strength, a light weight and a high temperature resistance. Thus, these
characteristics led to the use of CFRP widely in aerospace, automobile, electronics and
marine industries [36]. Compressive strength of CFRP composites is mainly influenced
by the properties of the resin, the interface between fibre and matrix and also the fibre
waviness [37—40]. The compressive failure of the Unidirectional CFRP laminate and
woven CFRP laminate is usually occurred due to micro-buckling of the fibre and
successive plastic kinking of the laminate [38,39,41]. Development of tougher and
stiffer matrices can improve the properties of the CFRP composites. This will increase
the resistance towards crack initiation, propagation and delaying the micro-buckling of

CFRP laminates. Development of tougher matrices is essential in developing matrix—
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dominated properties including, compressive strength, interlaminar shear stress,

compression after impact and in-plane shear.

There are many studies suggesting that the enhancement of matrix properties can be
achieved by the addition of nanomaterials. Common nanomaterial that are used to
develop nano-modified epoxy matrix include nano-silica, carbon nanotube (CNT) and
carbon nanofibre (CNF). Results from previous research revealed that the addition of

nanomaterial to an epoxy will have positive effects on properties [42,43]:

I) Increases compressive and bending strength of CFRP laminates.

i1) Enhanced thermal stability and reduces thermal stress.

iii) Increases elastic modulus, which makes epoxy stiffer.

iv) Improves toughness due to pull-out toughening (resistance to crack

propagation)

It is essential that the carbon nanotubes are well dispersed into the matrix before they
can be used in the manufacturing of the structural components from the carbon fibre
composites [44]. Generally, thermoplastic or thermosetting polymer matrix is used with
carbon fibres to produce composites materials. The epoxy resin have become highly
demanded matrices for the production of nanocomposites [44-47]. Epoxy matrix
enhanced with CNT shows a significant improvement in the mechanical properties,
thermal and electrical conductivity of the composite parts [48-51]. CFRP/CNT/epoxy
composites provide a great potential in developing a wide range of applications in a
vast number of industries including aerospace, automotive and marine [52]. Therefore,

composites industry is now expanding and including nanocomposites materials in their
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products. Thus, the process of nanocomposites production become critically important

in composites industry.

2.3 Carbon nanotubes

Carbon nanotube (CNT) was invented by Sumio lijima 1991 [53]. CNT is made of
graphitic sheets that have been rolled up into cylindrical shape. The diameter of CNT
is up to 100 nm with a length measured in micrometres [52,54]. There are three basic
structures or chiralities (illustrated in Figure 2.4), which show how the graphene sheets

are rolled, and these are:

1) armchair
2) zigzag
3) chiral
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Figure 2.4: Nanotube chirality (a) armchair (b) chiral (c) zigzag [55]

CNT exhibit great mechanical, thermal and electrical properties. The tensile modulus
and strength of the CNTs are between 250-1200 GPa and 10-200 GPa, respectively.
Compared to the carbon fibres, the tensile modulus and strength are 500 GPa and less
than 1GPa, respectively [44,56]. CNTs are widely known for their mechanical
properties whereby its quality outweigh any existing materials [23,57]. CNT can be
categorized into two basic types; single-walled carbon nanotube (SWCNT) and multi-

walled carbon nanotube (MWCNT) as illustrated in Figure 2.5.
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Figure 2.5: Structure of (a) SWCNT and (b) MWCNT

SWCNTs are defined by a single sheet of graphene which is rolled into cylinder forms
with a diameter of 1 nm and length up to several centimeters [55]. SWCNTSs can behave
both as metallic and semiconducting depending on the chiral angle between carbon
hexagons and the tubes [58]. The chiral, armchair and zigzag carbon nanotubes
sometimes exhibit different properties. The zigzag and chiral CNTs show
semiconducting behaviour, whereas armchair CNTs show metallic behaviour and are
considered conducting materials [59]. SWCNTSs are the most investigated types of
CNTs [60-63]. Although SWCNTs have a simple structure, but they have outstanding

electrical and mechanical properties. However, the production cost of the SWCNTSs is
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high and this restricts them from becoming commercialised materials, especially for

composite industries.

MWCNTSs are an array of two or more cylinders that are formed from graphene sheets
which are separated from one another by 0.35nm [64] with a diameter ranges between
2 to 100nm and a length of tens of microns [65]. MWCNTSs are more suitable for
composite industries. Therefore, the attention of the nanocomposites research has been

diverted from using SWCNTs to MWCNTS, in recent years [66].

Common production methods of CNTs [56,59]:-

1) arc discharge
2) laser ablation
3) catalysed decomposition

4) chemical vapour deposition (CVD)

CVD is considered to be a favourable method for producing high quantity of CNT (i.e.
mass production). CVD requires a low processing cost, which is an important criteria
for the industrial requirements [67]. Many researchers concluded that CNT acts as a
reinforcing filler in a matrix which can enhance the mechanical and electrical properties
of the new materials [51,68]. However, the content of CNTs used with the matrices is
very small and it was observed that the glass transition temperature of the material

decreases with the increase in the CNTs content [69].
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2.3.1 Load transfer between CNTs and resin polymer

The interaction between CNT and polymer has been the interest of studies by

nanomaterials researchers [70], [24], [21], [71], [72], [73], [74].

Wagpner et. al. [70] investigated the tensile stresses of a single MWCNT fragmentation
dispersed in thin polymeric films of a mixture of urethane/diacrylate oligomer
EBECRYL 4858 with a thickness of approximately 200 um. Wagner et al. found that
the stress transfer is an order of magnitude higher than traditional filler of composites,
such as carbon fibres. This finding was further supported by Cooper et. al. [75], who
investigated the adhesion of CNTs (SWCNTs and MWCNTS) to epoxy resin (Araldite
LY564, Ciba-Geigy, hardener HY560) by examining the interfacial shear strength. The
technique they used involved the detaching of individual SWCNT bundles and
MWCNTSs from an epoxy matrix using a scanning probe microscope (SPM) tip. The
interfacial shear strength was found to be varied from 35 MPa to 376 MPa. The bonding
between CNTs and matrix material was also investigated by Gojny et. al. [24] by
examining the mechanical properties (i.e. tensile and fracture properties) of the
composites. These composites were reinforced with non-functionalised and amino-
functionalised double-wall carbon nanotubes (DWCNT). Gojny et al. found that, with
0.1 wt% of DWCNT-NH: the Young’s modulus increased from 3.29 GPa, for the neat

resin, to 3.50 GPa.

However, poor interfacial interaction was also reported by many researchers. Ghaleb et
al. [76] found that the addition of 0.05 vol% loading of MWCNTS decreases the tensile

strength of unfilled epoxy from 53 MPa to 30 MPa (MWCNT/epoxy). However, a
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slight increase was observed at 1 vol% of MWCNTSs loadings. Schadler et al. [74]
studied the load transfer in CNT/epoxy composites by monitoring the shift in Raman
peak. They concluded that the load transfer between the CNT and epoxy is good in

compression mode but showed poor characteristic in tension mode.

2.3.2 Dispersion of CNT

A good dispersion of CNT into the epoxy can improve the properties of CNT modified
epoxy significantly. However, dispersion of CNT in a matrix is very challenging
compared to the dispersion of other fillers, such as carbon fibres or spherical particles.
This is due to the fact that commercialised CNTs are supplied in the form of entangled
bundles, which in turn can contribute to the difficulty of the dispersion process [23].
The bundles of CNTs need to be separated in order to be uniformly dispersed and to

maximise the surface contact area of the epoxy matrix.

CNTs are chemically stable and inert because of the strong carbon bonding that holds
them together. Therefore they hardly can interact or bind with other atoms [23,59]. The
Van Der Waals bonding between the CNTs and matrices is a major problem in
achieving their full competency. Van der Waals bonding between the CNTs themselves
create bundles of agglomerates, causing difficulty to process and disperse them into
polymeric matrices [23,77]. Therefore, CNTs exhibit limited solubility and
processability as a result of the Van der Waals interactions between individual carbon
nanotube [77]. The presence of agglomerates, which is caused by poor dispersion, can
initiate cracks and propagate easily and subsequently reduce the strength of composites

[78,79]. Nanomaterials are used as reinforcement that enhance the mechanical
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properties of the composites but the degree of this reinforcement depends highly on the

state of nanomaterials dispersion.

Although CNTSs possess excellent properties, such as high mechanical and thermal
properties which allow them to be the ideal choice of filler in producing light weight
polymer composite, their nature of being very prone to aggregating limits these
properties [80]. The only interaction with the surrounding matrix is through the weak
Van der Waals bonds, that hold the link between the CNT/matrix interface. Therefore,
dispersion methods need to be developed to make full use of CNTs and produce
improved properties. The quality of CNT particles dispersion into the host matrix will
determine the potential of the bulk material [23,80]. Many methods are used to improve
the dispersion of CNTSs treatment, such as mechanical mixing and functionalisation of

CNT.

2.3.3 Methods of dispersion of CNT

There are a number of techniques used for dispersing CNTs, including mechanical
mixing, such as ultra sonication, high shear mixing and calendaring (also known as

three-roll milling) [24,57].

Ultra sonication technique is widely used for CNTs dispersion with epoxy. Ajayan et.
al. [81] used this technique to disperse multi-walled carbon nanotubes (MWCNTS) into
an epoxy resin. After examining the sample under transmission electron microscope
(TEM), no fractured nanotubes were found, indicating that the nanoparticles were

strong enough to hold their structure during the mixing process. Nevertheless, a weak
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interface bonding between the nanotubes and the matrix was observed. Good dispersion
of MWCNTS, by using ultrasonic technique, was reported, however, the distribution of
MWCNTSs was relatively poor [82,83]. A homogeneous dispersion of MWCNTS in the
epoxy resin can be achieved by ultra sonication method [84]. However, the aggregation
of CNTs may form gradually once the stirring process stops. It was reported that
sonication not only disaggregates CNTs bundles but also can segmented longer CNTs
into shorter lengths [85-87]. Table 2.4 summarised the study of using sonication and

the effect to the CNT’s length.
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Table 2.4: Previous study on dispersion using sonication and the effect to the

CNT’s length
Name of the | Original length of the Length of the CNT Technique to The references
author CNT after mixing, analyse CNT thickness of
length the TEM
section
Asghar H. 5-15 pm a) 1.623 um (after TEM Did not [107]
Korayem 15mins sonication) mentioned
b) 1.063 pm (after 60
mins sonication)
Z. F. Li 1 mm 50 pm SEM - [134]
Yan Yan Did not mentioned - - - [88]
Huang length, TEM images just
comparing two different
figures between 1h
sonication and 10 h
sonication
Fawad Inam | 2 pum 1) 5mins sonication — FE-SEM - [49]
1689 nm,
2) 8 mins sonication —
1332 nm,
3) 11 mins sonication —
992 nm
4) 14 mins sonication —
502 nm
Micheal 50 um 5 um Optical - [87]
Russ microscopy for

the image and
ImageJ was used
to measured CNT
length

High-shear mixing is used to separate nanotubes from agglomerates. In order to achieve

fully dispersed MWCNTSs in the epoxy resin, CNTs need to be high shear mixed for a

long period of time (up to 24 hours in some cases)[88] . However, this could deteriorate

the mechanical properties of the nanocomposites as a result of the fragmentation of the

MWCNTS [66,88].
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Three-roll milling is another technique used for CNTs dispersion in the epoxy without
damaging or rupturing the CNTs [22]. Previous studies suggested that the dispersion of
CNTs in epoxy resin is relatively a good approach to achieve homogenous dispersion
[23,24,89]. In this process, the nanocomposite mixture paste is forced to pass through
rotating cylinders with a specified gap between them, and the paste is uniformly sheared
by these cylinders [89]. The minimum gap between the rollers is between 1-5um. This
can be an issue if the gap is much larger than CNTSs individual diameter. To overcome
this problem, the nanocomposite need to be viscous when the material is fed in to the
system [23]. This technique can be used to produce high volume nanocomposite
materials and it is cost effective. Therefore, it can be scalable from the laboratory to

large-scale production [89].

The dispersion of CNTSs into the matrix plays an important role to the performance of
CNT/polymer nanocomposite and the interfacial interactions between the CNT and the
polymer. Carbon atoms on the CNT walls are chemically stable due to the aromatic
nature of their bond. Although CNTs can interact with the surrounding matrix through
Van der Waals interactions, they are unable to provide efficient load transfer across the
CNT/matrix interface [23]. Many research works have been focusing on achieving a
maximum dispersion in polymeric matrices and efforts have been made to develop new
methods to modify the surface properties of CNTs. Functionalisation of CNTSs is one
of these methods that showed a wide interest from many researches [61,90-93]. This
method can enhance the ability of dispersion and stress transfer through the polymeric

matrices interface [65].
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Functionalisation is a process of improving dispersion and adhesion of CNTSs particle
to the polymer matrix. Functionalisation of carbon nanotubes can improve solubility
and enhance the dispersion of CNTs in the matrix, as well as the interfacial adhesion
between CNTs and the matrix [51,52,94]. Many approaches of functionalisation have
been used, including covalent functionalisation [93,95-97], non-covalent
functionalisation [98,99] ionic [doping] [63], ionic functionalisation [62] end defect-

chemistry [100] and ionic liquid covalent functionalisation [96,97].

Covalent functionalisation is a method in which chemical components are bonded to
CNTs surface by covalent bonds. This method requires reactive functional groups
which can be formed by using acid treatment or by attaching reagents to the CNTs
sidewalls [91]. The drawback of covalent functionalisation is that the conjugated
graphitic chemical structures are disrupted during this process. The covalent sidewalls
functionalisation is associated with the change of hybridization from Sp? to Sp®. This
will affect the mechanical strength and the electronic transport within CNTs conjugated

system [54,61,66].

Non-covalent functionalization of CNTs has captured the interest of many researchers
in composite materials [91]. The advantage of non-covalent functionalisation is that
this method does not affect the electron bonding system and thus maintaining the
stability of the CNT compounds or sidewalls. This would contribute to optimise the
properties of the final structural of the material [51]. Non-covalent functionalisation
involves the use of surfactants, bio-macromolecules and polymers [61,91]. Previous
studies have shown that high volume of CNTs can effectively disperse in the polymer

matrices without destructing the CNTs’ conjugated system. However, the limitation of
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using this type of functionalisation is that, the interfacial strength becomes relatively

weak between nanotubes [61].

MWCNTs will be used since they offer more beneficial reinforcement in fibrous
composite materials compared to the SWCNT. MWCNTSs exhibit excellent properties,
easier to process and also cheaper to produce [101,102]. Therefore, MWCNTSs are
suitable in producing nano-modified composite materials. Additionally, previous
studies showed that the use of different lengths of CNTs can affect the mechanical
properties of resin matrix [49]. Therefore, it has been decided to use two different

lengths of MWCNTS in this project.

The combination of different techniques of MWCNTSs dispersions, using ultra-
sonication, high shear mixer and three-roll milling have been investigated. These
techniques were used in a considerably short span of time to disperse MWCNTS, in
order to avoid the degradation of the mechanical properties. The use of a combination
of these three mechanical techniques would help to achieve a homogenous dispersion

of MWCNTSs in epoxy matrix system and also reducing the processing time.
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3 Experimental details

3.1 Overview

This chapter outlines the materials and brief explanations on fabrication methods of and
gives a brief description of the fabrication methods of (i) carbon nanotube filled epoxy
nanocomposites and (ii) carbon nanotube filled carbon fibre reinforced polymer
(CFRP) composites. It explains the procedures to characterise thermal, physical and
mechanical properties of Epikote 828+DDS, MWCNT filled epoxy and CFRP. Epikote
828+DDS epoxy and MWCNT filled epoxy are characterised by using transmission
electron microscopy (TEM), x-ray diffraction (XRD), infrared spectroscopy (IR),
Raman spectroscopy, density measurement, thermogravity analysis (TGA), dynamic
mechanical analysis (DMA), differential scanning calorimetry (DSC), flexural, tensile,
compression and fracture toughness test. This chapter also described the measurement
procedure of constituents contents. The characteristics of CFRP composites are tested
by using interlaminar shear strength and determined by using a short beam shear test
(SBS). Fractured test specimens were analysed using scanning electron microscopy

(SEM) which correlate between mechanical and failure mode.

3.2 Materials

The resin system used in this experiment is Epikote 828 epoxy, a diglycidyl ether of
bisphenol-A (DGEBA) Silmid Limited, cured with Amine hardner, 44’-
Diaminodiphenyl sulfone (DDS) from Sigma Aldrich. This thermosetting resin is
modified with multiwalled carbon nanotubes (MWCNTS). Two types of MWCNTS,

which are different in length, are used. The properties of the materials are summarised
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as shown in Table 3.1. The type of reinforcement element used in this study is plain

carbon fibre from Sigma Aldrich.

Table 3.1: General properties of the resins and MWCNT given by the

manufacturers
Properties of material used Epikote 828 DDS MWCNT
*Purity: > 95%
Typel Type2
Appearance Clear liquid | Off white powder | Black powder | Black powder
Density 1.16g/ml 0.25 -0.35 g/cm?® 2.1 g/cm?® 2.1 g/cm?®
Viscosity (at 25°C) 13 pa.s N/A N/A N/A
Epoxy 828 manufacturer 184-190 N/A N/A N/A
equivalent weight o/eq
Amine hydrogen equivalent 62 gleq N/A N/A
weight
Length N/A N/A 10-30um 0.5-2 ym
Outside diameter N/A N/A 10-20nm 10-20nm
Inside diameter N/A N/A 5-10nm 5-10nm
Bulk density N/A N/A ~0.04- ~0.17g/cm?®
0.05g/cm3
Manufacturer/Supplier Silmid Sigma Aldrich Nanostructand | Nanostructand
Limited and and
Amorphous Amorphous
Materials Inc. | Materials Inc

26




3.2.1 Epikote 828 epoxy resin

Epikote 828 is an epoxy resin made from bisphenol A and epichlorohydrin is supplied
by Sigma Aldrich. The average viscosity as presented in Table 3.1 is low, making it
suitable for various fabrication techniques such as adhesives and matrices of composite.
In this study Epikote 828 is used as matrix of composites. To cure and cross-linked
Epikote 828, DDS ( Diamino diphenyl sulfone) from Amine family from Sigma Aldrich
was chosed as a curing agent or hardener. The combination of these two elements will

determine intermolecular cross-linking and produce a hard thermosetting system.

3.2.2 Multiwalled carbon nanotube (MWCNT)

The MWCNTSs with trade name (carbon nanotubes, 1236YJS with the length of 0.5-
2um and carbon nanotubes, 1205YJ length of 10-30 um) presented in Figure 3.1 were
procured from Nanostructured and Amorphous Materials, Inc. USA. The MWCNTSs for
both types have the same diameter in the range of 10-20 nm for outside diameter and
5-10 nm for inside diameter respectively and with purity of 95%. Manufacturing

method was by catalytic chemical vapor deposition (CVD).
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(a) (b)

Figure 3.1: TEM images of as-received a) MWCNT (length 10-30 um) and b)

MWCNT (length 0.5-2 pm) from manufacturer [103]

3.2.3 Carbon Fibres

Plain weave carbon fibre from Easycomposite is used in this study for making the

carbon fiber reinforced polymer (CFRP).

3.3 Developement of MWCNTSs / Epikote 828 composites resin

Two nanofilled resin systems were developed from two types of MWCNTSs mixed with

Epikote 828 epoxy, i.e., MWCNT _short/828 and MWCNT _long/828. The two types of

MWCNTs are different in length (type 1, length of 0.5-2 um and type 2, length of 10-
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30 um) were dispersed in combination of three methods: i) soniction probe ii) high

shear mixer iii) three-roll mills.

3.3.1 Epikote 828 resin polymer

Epoxy resin consisting of 100 parts of Epikote 828, a diglycidyl ether of bisphonel A
(DGEBA), cured with 30 per hundred of resin (phr) DDS, a hardener consisting of 4,4'-
Diaminodiphenylsulfone are used for the polymer matrix in this study. The mixture is
stirred with over head stirrer in a heated oil bath of 140°C for 10-15 minutes, then it
was degassed in a vacuum oven at 120°C for another 10-15 minutes. After the
degassing process, the resin is used in different ways, namely: cured in silicone mould
for mechanical testing sample and in corporated as a matrix to carbon fibre fabric (plain

weave (1x1)).

Before manufacturing the mechanical testing samples, the silicon rubber moulds were
degassed overnight in the vacuum oven at 25°C to 30°C. The purpose of degassing is
to prevent air from trapping in the silicone moulds which can create voids in the
samples. Various shapes of silicon rubber moulds were prepared including dogbone,
rectangular plate and cylindrical to produce test samples. The silicone moulds were
produced by mixing a high-performance silicon rubber RTV 3325 with a catalyst 6H in
the ratio 100:5 in a paper cup. The mixture was stirred until it was completely mixed
and then was poured on the positive which is made from aluminium and taped in a

container. The mixture was cured at room temperature for 24 hours.
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After degassing the Epikote 828/DDS resin, it was poured into the silicone rubber
mould, which has been preheated in the oven to 100°C, and curing it in the conventional
oven. The curing cycle is illustrated as shown in Figure 3.2. MWCNTs-filled Epikote
828 resin for both types of MWCNTSs were cured following the same process used for

curing the Epikote 828+DDS resin and the same curing cycle Figure 3.2.

6 hours
Postcuring

141 2 hours
Curing

Cooling rate 2°C/min

Temperature (*C)

Heating rate 2°C/min

0 100 200 300 400 500 600 700 800
Time (minutes)

Figure 3.2: Curing cycle for Epikote 828 resin system.

3.3.2 MWCNTs-filled Epikote 828

Two batches of MWCNTSs composites were developed using MWCNT _long (length
10-30 um) and MWCNT short (length 0.5-2um) and were labelled as
MWCNT long/828 and MWCNT _short/828, respectively. Figure 3.3 shows a

schematic illustrating the procedure used for the fabrication of MWCNTSs/828

nanocomposites.
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Figure 3.3: A schematic illustration of the fabrication of MWCNT/828

nanocomposites.
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3.3.2.1 Dispersion of MWCNTSs/Epikote 828

Dispersion of MWCNTSs is a crucial stage in the composite manufacturing process that
requires an efficient and effective method for MWCNTSs dispersion to limit the
fragmentation and the damage to the MWCNTSs. Nano-modified epoxy containing
damaged MWCNTSs can negatively affect the mechanical and thermal properties and
also the electrical conductivities [104]. The dispersion of MWCNTSs was obtained by
mixing 100 weight percent of Epikote 828 with 0.5 weight percent of MWCNTS. The
mixture was mixed by using a Silverson L2R high shear mixer for 10 minutes. Stages

of mixing are illustrated in Figure 3.4.

Stage 1‘ Stage 2

e >
A:i{%(ﬁ

Stage 3

Figure 3.4: Silverson shear mixer include four stage mixing process [105].

In the first stage, the nanomodified epoxy mixture was sucked up from the bottom of
the beaker into the workhead. The rotary blade and the inner wall of the stator created

centrifugal forces and mixed the MWCNTSs/Epikote 828 epoxy mixture. Under high
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hydraulic shear forces, the nano-modified epoxy mixture is forced out from the
workhead. The workhead/screen used in this study is square hole high shear screen as
shown in Figure 3.5, and works as stator with four blade rotor. The head type was used
because it works to initially breakdown large agglomerates of MWCNTSs into multi-

agglomeration [105,106].

BEARING PLATE:

WORKHEAD/SCREEN

BASE PLATE

Figure 3.5: Work head/screen or also known as stator, which was used for

Silverson high shear mixing is from type Square Hole disintegration screen

After mixing with the high shear mixer to breakdown the large agglomerates, the
MWCNT/Epikote 828 mixture was then mixed further with ultrasonic probe. Previous

research works indicated that the ultra-sonication treatment can break up multi-
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agglomerates into smaller parts [104]. The MWCNTSs/epikote828 mixture was
sonicated by using Hielscher UP 200s (200 watts, 24 kHz). Sonotrode S7 was used with
a tip diameter of 22 mm. The immersion of the sonotrode depth is 3.5 cm from the
MWCNTSs/Epikote828 mixture surface in a standard 400 mL of the MWCNTSs/Epikote
828 mixture. During the dispersion of MWCNTSs in Epikote 828, the beaker, which
contains the mixture, was immersed into water and a 15s On/OFF cycle was used to
reduce the heat produced by the sonicator. The time duration for a batch of 400 ml of
the MWCNTSs/Epikote 828 mixture was 15 minutes. The time duration of mixing by

high shear mixer was used base on the study shows in Table 3.2.

Previous studies suggested that longer sonication time can significantly shorten the
CNTs length, which will then reduce the aspect ratio (length/diameter) of CNTs [107].
High aspect ratio of CNTs are required to enhance the mechanical properties of the
reinforced composites [52,107]. Both mixing methods were carried out at the laboratory

of the Department of Mechanical Engineering, University of Newcastle.
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Table 3.2: Comparison of different dispersion methods by Y.Wang et al. [104].

The sample used in this study are dry s-MWNTs for shearing method and for

ultrasonication the r-MWNTSs are dispersed in deionised water containing a little

ionic dispersant of sodium dodecyl sulfate (SDS).

Method Scale Mechanism Main Sample code
treatment
condition
Shearing 10 -100 um Breaking up 24 000 r/min,  s-MWNTSs
the multi- 5 min
agglomerates
Ball milling 10-100 um  Breaking up Porcelinball ~ m-MWNTSs
the multi- (20 mm,11g),
agglomerates 3.5h
Ultrasonication 1—300 um Dispersing of 59 kHz, 80 W, r-u-MWNTs
the single- 10h m-u-MWNTSs
agglomerates
Concentrated  None-scale Dispersing the 3:1 r-s-sMWNTSs
H2SO4/ HNO3z  (individual MWNTSs by concentrated  r-b-MWNTSs
nanotubes shortening H2SO4/ HNOs  a-b-MWNTSs
their length
and adding
carboxylic
groups

The final step of dispersion MWCNTSs in the Epikote 828 involved mixing the mixture

by calendaring process using Exakt 80E three-roll milling machine. This process was

carried out at the laboratories of the University of Bradford. The diameter of the rollers

was 80 mm with a length of 200 mm. The diameter for all the rollers was 80 mm with

the length of 200 mm. The rotational speeds of all the rollers can be adjusted but the

ratio of the angular velocity of roller were fixed (®x(feed roll ): M2 (center roll) : W3(apron roll) =

1:3:9)[71,108,109]. The feed roll and the apron roll rotate in the same direction while

the center roll rotate in the opposite direction as, illustrated in Figure 3.6.
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Pre-disperesed

MWCNTs in Epikote
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feed roll 0 apron roll

GAP 1 GAP 2 Collection

Figure 3.6: Position of gap 1, gap 2 and the direction of rollers.

Figure 3.7: High shear mixing area between feed and centre rollers.
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The differences in the angular velocity generate a shear strain that induces shear stress

in the viscouse mixture of MWCNTSs / Epikote 828. Figure 3.7 highlights the intense

shear mixing area, the small gap between rollers, &g, and the difference angular velocity

of the adjacent rollers, 1> >, that produced the high shear rate. The shear strain rate

at the first gap (1) and second gap (2) can be expressed by the following equations

[109]:

l":r(Wz-Wl):ngS (1)
d 94

g

potWe-mh) 21y
d 34

g

()

where: 7 = roll radius, df gap distance and w= angular velocity.

Equations (1) and (2) show that the second gap gives more shear-strain due to the
increase in shear stress. This can be achieved by reducing the gap between rollers or by
increasing the speed of the rollers. Reducing the gap between the rollers is the easiest
option as the gap setting can be monitored by an electronic control system and adjusted
accurately. In this study, the method of dispersion using three-roll mills was carried out

using the configuration given in Table 3.3.

Agglomeration of MWCNTSs occurs during the mixing process with Epikote 828 resin.
Thus, it is necessary to start with a bigger gap in the first pass, and 1/3" of that in the

second pass due to the gear ratio. The gaps are reduced step by step for every pass and
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the rollers will gradually become cleaner as the gaps get smaller. In Table 3.3, the 4"
pass, force is adjusted to suit the viscosity until the 2" gap indicated 0 microns on the
display screen. This step is necessary in order to obtain a finer dispersion that increases
the mechanical strength of the epoxy. One of the concerns when using the 3 roll mills,
is that the minimum gap between the rollers is between 1-5um, which is larger than the
diameter of individual MWCNTSs. Pre-dispersion of MWCNTSs in Epikote 828 resin,
using a high shear mixer and an ultrasonic probe, can create a viscous paste which is
suitable to run with three-roll mills and gives better dispersion. As the viscosity of the
mixture is good for dispersion using 3 roll mills, the design of the number of passes can
be decreased, thus reducing the time of dispersion. The temperature of rollers was

maintained at 20 °C to 25 °C to avoid heating, which can decrease the shear effect.

Table 3.3: Configuration of the gaps between rollers of the three roll-mills and
speed at every passes. Speeds are of the apron roller, measured in rpm.

Roller by pass Gap 1/Gap 2 Speed
(nm) (rpm)
1%t pass 106/40 200
2"d pass 60/20 300
39 pass 15/5 300
4™ pass 5/Force mode — 0 gap 300
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3.4 Fabrication of carbon fibre reinforced (CFRP) composites laminates

3.4.1 Resin impregnation

Hand lay-up technique was used for resin impregnation of 16 layers of plain carbon
fibre. The plain carbon fibre is cut into 250 mm x 350 mm in dimension. The setup for
impregnation of resin is presented as shown in Figure 3.8. The hotplate temperature
was set to 80 °C to decrease the viscosity of the resin. The viscosity of the resins was
very high, particularly the MWCNT/828 modified resin system. Plastic applicator was
used to consolidate the resin into the carbon fibre. The resin was placed in the beaker
and was soaked into the oil bath at 80 °C along the process. This process needs to be

carried out as quickly as possible to prevent the crosslinking of the resin from occurring.
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Figure 3.8: Setup for CFRP lay-up

3.4.2 Curing procedure

Vacuum bagging was used by stacking all the necessary components for this process as
shown in Figure 3.9. The layup was cured in an oven using curing schedule shown in
Figure 3.2. The curing program comprised of a 2 hours curing period at 120 °C and 6
hours post curing period at 185 °C. Dwell period was separated by a 2 °C/min ramp

rise and the same ramp rate was used for cooling to room temperature.
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Figure 3.9: Schemmatic diagram of vacuum bagging that uses atmospheric
pressure to hold laminated components.

3.5 Thermal analysis

Thermal analysis was conducted by using differential scanning calorimeter (DSC),
dynamic mechanical analysis (DMA) and thermogravimetric analysis (TGA). DSC was
used to analyse the curing behaviour and glass transition (Tg) of the neat Epikote 828
resin and the MWCNTs/Epikote 828 composite. According to previous studies,
measuring Tg using DMA gives better information and resolution for highly
crosslinked and filled polymers [110]. In this study, the TGA is also been used to obtain

the samples weight fractions.

3.5.1 Differential Scanning Calorimeter (DSC)

A Pyris Diamond DSC was used to determine the samples glass transition (Tg). The

DSC apparatus consists of a measurement chamber with two pans and connected to
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computer. The two pans are placed separately, in self-contained calorimeters as shown
in Figure 3.10. One of these pans is a sample pan and the other pan is a reference pan,

which is always left empty.

The technique DSC works by measuring the differences between the heat flow rate of
a sample and a reference pan as a function of temperature. The sample is exposed to a
controlled temperature using a predefined protocol[111,112]. When the sample
temperature is increased or decreased, energy is applied or removed from the

calorimeter and the system is maintained at “null state”.

According to 1SO 11357-2:2013 standard, the glass transition temperature of polymer
is the reversible transition in amorphous materials from a hard and relatively brittle
state into a molten or rubber-like state [113]. Ty is determined by the DSC curve of

heat flow versus temperature.

Sample Pan Reference Pan

R

Distributed Measurement
Performance not affected
by pan position

- |
L J Platinum Resistance

Thermometer for best
temperature measurement

Figure 3.10: Diagram of Pyris Diamond DSC calorimeter cell containing

reference and sample pan [114].

The weight of the cured samples of the Epikote828+DDS and MWCNTSs/Epikote828

resin system was between 7-12 mg. The specimen was placed in the sample pan and
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heated according to the oven curing cycle, as shown in Figure 3.11. The determination
of T¢ was performed according to the British standard BS 1SO 11357-2:2013. The
samples were heated from 25°C to 250°C at heating rate of 10°C/min. All samples were

purged with Argon gas which was supplied at 40.0ml/min.

oo
150
2010

150

Temperature

100

50

0 S0 Lk 15 20 250
Time

Figure 3.11: DSC program for Epikote828+DDS, MWCNT _long/Epikote828,
MWCNT _short/Epikote828 resin system

3.5.2 Dynamic mechanical analysis (DMA)

Perkin EImer DMA 8000 was used to determine the glass transition temperature (Tg)
of the resin based polymers. Rectangular bar samples of approximately 40mm x 10mm
x 3mm were tested by using a dual cantilever bending deformation mode. The
temperature was scanned from 25 °C to 250 °C with a ramp rate of 3 °C/min. A single
oscillating frequency of 1 Hz was used throughout the measurement with a

displacement of 0.05mm. DMA works by applying sinusoidal stress to the sample. The
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sinusoidal stress was created by using the oscillatory force supplied by DMA which

eventually generates a sinusoidal strain [115].

3.6 Density and volume fraction measurement

The density and volumetric measurement of neat Epikote 828 and MWCNT/828 were
conducted by using Micromeritics AccuPyc Il 1340 pycnometer and GeoPyc 1360

pycnometer.

3.6.1 Accupyc Il 1340

The AccuPyc 11 1340 uses gas displacement method to determine the density and
volume of the samples. The inert gas used in this method was a helium gas. The volume
of the displaced helium gas was measured at a constant chamber temperature of 25.72
OC with a number of purges of 20 at an equilibrium rate of 0.005 psig/min and 20 cycles.
Volatiles were automatically purged from the samples and the analysis was repeated

until it reaches a consistent result [116].

3.6.2 Geopyc 1360

A non-hazardous quasi-fluid, known as Dry Flo™, is used in a dry flow powder
technique, using GeoPyc 1360 to determine the envelope density of the samples. The
sample was placed in a precision cylinder in a bed of Dry Flo™, which has a high
degree of flow-ability. The powder is then slowly and steadily compressed by a plunger

with a consolidation force of 38 N and a conversion factor of 0.2907. The calculation
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of voids in the samples were then obtained from the data collected from the AccuPyc

and GeoPyc as described in the following equations:-

m,
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m
rqe= S
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mS
Ta__ %
fG m
V.V +vV
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vs rA vs +vv

~ >
LNy
Ne—

\ %void =1- @:(1- La

where,

r , : density of sample from Accupyc measurement

I'; :is density of sample from Geopyc measurement
m, :is mass of sample

v, is volume of sample

3.6.3 Thermogravimetry analysis (TGA)

The values of the fiber volume fraction, resin content and nanoparticles content are vital

as they have a significant impact on the failure of the composite materials [117]. In this
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project, TGA was used to obtain the weight fraction of the constituent in the
MWCNT/828 composites and CFRP composites. Table 3.4, summarizes past studies
of researchers using TGA to determine the volume fraction from composites using

epoxy and nanomaterial.

Table 3.4: A summary of past studies using TGA to determine the volume fraction

from composites containing of epoxy and nanomaterial

Type of filler Epoxy type TGA temperature TGA type References
range and
ambient gas

MWCNT Epon 862 270°C-800°C | TA Instru- [118]
(purity>95%), d=30 to (bisphenol F in nitrogen gas, ments
50 nm, 1=3 to 10um from | epoxy) heat rate TGA2950
Carbon 10 °C/min
Nanotechnologies, Inc.
CNTF (CVD Araldite LY Room temp — TA [119]
synthesized, produced in | 1564(bisphenol | 700 °C, oxidative | instruments
lab) A epoxy) atmosphere(air), | Q500

flow rate

60 mL/min.
EpMWCNT Epon 828 resin | 50°Cto 800°C, | TA [120]

nitrogen gas, heat | Instruments
rate 10 °C/min Q50

MWCNT (purity>95%), | Epon 862 Room temp TA Instru- [121]
d=30to 50 nm, I=3 to (bisphenol F —600°Cin ments
10um from Carbon epoxy) nitrogen gas, heat | TGA2950
Nanotechnologies, Inc. rate 10 °C/min
MWCNT from Bayer Epoxy resin room temp. TA [66]
Material About 6-8 mg (DGEBA) —-800°Cin instruments
of sample nitrogen gas heat | TGA Q500

rate

20 °C/min

3.6.3.1 Production of TGA sample and method of heating.

The sample used for TGA analysis was a mixture of 100 parts of neat Epikote828 and
30 parts of 4°4’DDS as a curing agent. The same ratio was mixed with
MWCNT_short/828 and MWCNT _long/828. A mechanical stirrer was used to mix the

mixture in a 140°C oil bath for 10 to 15 minutes. The mixture was then degassed in
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vacuum oven in a temperature of 110-120 °C for another 10 to 15 minutes. The mixture
was then poured on a glass plate to make a splat. The glass plate was glazed with
Frekote™ three times to avoid damaging the samples and the glass plate. The splat was
further dried in a vacuum oven for 2 hours at 30°C to eliminate any moisture in the

samples.

.

Sample pan

Figure 3.12: Pyris 1 TGA [122]

TGA records the mass changes in the sample as it is heated at a controlled temperature
rate using a microbalance. Figure 3.12 shows Pyris 1 TGA that has been used in this
study which the sample pan is “hangdown” below the balance and controlled by Pyris
Software. In this study, the sample was heated in an inert nitrogen gas atmosphere, air
atmosphere and a combination of both, with a temperature range of 28 °C to 800 °C.
The weight of the Epikote 828+DDS and nanomodified Epikote 828 samples was

measured between 8 mg to 12 mg. Three different methods of heating profile were used
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to determine the thermal behaviour of the Epikote 828 and also the constant residual
weight. The methods of achieving the desired temperature are shown in Figure 3.13,
Figure 3.14 and Figure 3.15. The TGA analysis was run using Perkin Elmer Pyris 1

TGA and according to the ASTM Standard E1131 [123].
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Figure 3.13: TGA heating method develop in nitrogen atmosphere. The

temperature is increased from 20 °C to 800 °C at a rate of 10 °C/min
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Figure 3.14: TGA heating method develop in an air atmosphere. The temperature

is increased from 20 °C to 800 °C at a rate of 10 °C/min
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Figure 3.15: TGA heating method is first heated in nitrogen from 20 °C to 550 °C

and kept for an hour, then increased to 800 °C at a rate of 10 °C/min

3.6.3.2 Data determination on constituent of volume fraction

The TGA is used to obtain the weight fraction of the constituents in the composite
samples in order to determin the carbon fibre and nanoparticles volume fractions using
basic equations from ASTM Standard D3171-99 [124]. The equations are as follows:
(i) The carbon fibre volume fraction :

V= (mcf] X (L] %100
A m; rc?f

where m¢t = mass of the fibre, m; = initial mass of the composite sample, pct = density

of the carbon fibre and pi = density of the composite sample.

(if) The MWCNTSs volume fraction :
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where Mmwent = Mass of the MWCNTS, , pmwent = density of the MWCNTS.

3.7 Physical analysis of dispersion

3.7.1 Transmission electron mcroscopy (TEM)

TEM was used to study the degree of dispersion of MWCNTSs in Epikote 828. The
sample was prepared by curing nanomodified resin in a trapezium shape as shown in
Figure 3.16. The cured trapezium shaped resins were cut using Ultracut E,
Ultramicrotome, and the thickness of the sections was checked by comparing the
interference colours with a predefined colour reference chart. This chart shows a colour
spectrum with the corresponding section thickness. The TEM samples with a thickness
of about 80 nm, are examined by using FEI Tecnai G? Transmission Electron
Microscope, with accelerating voltage of 80 kV. Gatan MS600CW digital camera and

Gatan digital micrograph are used to collect and capture images of the samples.

L

Figure 3.16: Cured resin in trapezium shape for TEM analysis
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3.7.2 X-ray diffraction (XRD)

The microstructure of the neat Epikote 828 and MWCNTSs/828, for short and long
MWCNTSs, was examined using Siemens D5000 X-ray diffraction. The XRD was
equipped with Cu-tube as an anode. Each scan was recorded with 26 scanning range
from 10° to 80°. with a step size of 0.02 at a rate of 0.048 s™. The operating voltage

was 45kV and the current was 40mA.

3.8 Mechanical properties

3.8.1 Compression test

Cylindrical shaped samples were prepared according to the ASTM standard D695-02
[125] and [126], for the uniaxial compression test. The samples were made with a height
of 10mm and a diameter of 10mm (1:1 dimension ratio) as shown in Figure 3.17. The
cylindrical shape prevents buckling and premature failure in the samples compared to
the samples with sharp corners. The casted samples were machined on a lathe machine
and then polished. The dimensions were measured using a micrometre with an accuracy
of 0.01 mm. The samples were carefully cured and polished to avoid bubbles, scratches
or chips at the edge of the samples which may lead to premature failures. After the
curing process, all the samples were dried in a vacuum oven before placing them in a

vacuum desiccator. At least six samples were tested for each resin system.
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Figure 3.17: Samples of cylindrical shape with dimensions.

Static uniaxial compression test is carried out using British standard BS EN ISO
604:2003 [127] and ASTM standard D695-96 [125]. The cylindrical samples were
examined by using Zwick Roel universal testing machine with a 50 kN load cell and
two different crosshead speeds of 1 mm/min and 3 mm/min were used. The samples
ends were smeared with a petroleum jelly to minimise the friction between the surfaces
of the compression bars and the sample loaded to avoid barrelling effect, which may
occur on the edges of the samples. A technique, suggested by [128] is employed to
calculate the actual displacement of samples. The compliance correction of the testing
machine load displacement is measured without any specimen between the

compression bars.
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The true measurement data was calculated by subtracting the non-sample displacement

from the total displacement, which was recorded by the actuator. From these

measurement, the compressive properties were obtained using the following equations:

(i)

(i)

(iii)

(iv)

(vi)

3.8.2

Engineering compressive stress, oe, is compressive load, F, divided by initial

surface area, A, of the test sample.

s.(MPa) =

[

Engineering compressive strain, &, is a decrement in the length of the test

sample, divided by the original length of, Lo, of the test samples

AL
g, =—
L,

Compressive stress at yield, Oy.
Compressive strain at yield, €.

Compressive strength, Gu.

Flexural test

Rectangular samples of cured resins with 70 mm length, 4 mm thickness and 10 mm

width were used for three-point bending test. The flexural test was carried out according

to the British Standard BS EN 1SO 178: 2010 [131]. At least 6 specimens are tested for

each system. Six samples were tested for each system. The actual width and thickness

of the samples were measured at four different points using a digital electronic Vernier

53



calliper and the average values were taken and used for the three-point bending test.

The samples are placed symmetrically on two spans. The distance between the two

spans was 60 mm. A TA500 Texturimeter (LIoyd instruments) with 10kN load cell was

used with a crosshead speed of 1 mm/min. The corresponding deflection of the samples

is recorded by the displacement of the crosshead of the machine. The compliance

correction of the testing machine load displacement was measured by placing a metal

block bar between the three-point bending fixtures. The true measurement data was

calculated by subtracting the metal block sample displacement from the total

displacement recorded by the actuator. The data analysis of the samples from the

flexural test are as follows:

(i)

Flexural test, o, is expressed in mega pascal.

where:

F =the applied force expressed in (N)
L = the span seperation, (60 mm)

b = the width in (mm)

h = the thickness in (mm)

Flexural strain, g,

where:
s = the deflection in (mm)

h = the thickness in (mm)
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(iii)  Flexural stress - strain (¢ — €) response.
(iv)  Flexural modulus is detremined by using a linear regression procedure on the

part of the flexural stress-strain curve between €1 = 0.005 and &2 =0.0025

3.9 Interlaminar shear stress of CFRP laminates

A delamination between the layers of laminates occurs when transverse shear load
applied to the laminates exceed interlaminar shear strength (ILSS). ILSS of a laminate
composites is measured directly by generated a pure shear stress pattern between the
laminar to induce an interlaminar shear failure. There are several methods were
designed to load the specimen and fails in interlaminar shear stress. The methods have
been developed to characterise ILSS such as short beam shear (SBS), tensile stretching,
compression, curved-double-cantilever-beam and compression shear test [14,132]. In
this study SBS was chosen as a method to measure ILSS. Compared to the other
methods, SBS is the simplest method and most commonly used in measuring the
interlaminar shear failure. According to classical beam theory, three point bending as
shown in Figure 3.18 was the cause to the transverse shear failure. The SBS test was
measured according to ASTM D 2344 [133] and the average dimensions for the samples
were about 30 mm x 8 mm x 4.5 mm. The sample was placed on two cylindrical rod
and a force was applied by forcing a cylindrical head moving down at the centre of the
samples. The first failure was recorded as the transverse load was increasing, and this

data will be used to determine the apparent interlaminar shear strength of the composite.
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Pressure l Pmax

Figure 3.18: Schematic diagram of short beam shear (SBS)

The apparent interlaminar shear strength or short beam strength was determined using

the formula [133] which is adopted based on Bernoulli-Eular beam theory,

F, =075 fme
w t

Where Pmax Is the maximum load and w and t is the width and the thickness of the

samples.
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4 Analysis of the degree of dispersion

Three combined methods were used for dispersing MWCNTS in Epikote 828, which
were discussed in chapter 3. The MWCNTs were mixed with the resin using a high
shear mixer and then the mixture was mixed further using a sonication probe and finally
the consolidation of the MWCNT nano-modified mixture was achieved by using a

three-roll mills.

This chapter is focusing on the results of the characterisation methods used to evaluate
the quality of dispersion. The characterisation methods include TEM analysis, XRD
analysis, Raman spectroscopy analysis and FTIR analysis. These techniques were used
to examine the degree of dispersion of MWCNTSs in the Epikote 828 (MWCNTs/828)

and also to observe the structure of the MWCNTS after the dispersion process.

4.1 TEM analysis

Two types of nano-filled resin systems were analysed; MWCNT _long/828 and
MWCNT _short/828 with a MWCNTSs length of 10-30um and 0.5-2um, respectively.
TEM micrographs are as shown in Figure 4.1, Figure 4.2, Figure 4.3 and Figure 4.4
The images revealed that the MWCNT _long and MWCNT _short are well dispersed in
Epikote 828 epoxy at 0.38 wt% loading. Comparing the two nanomodified resins, the
MWCNT _long spread more evenly in the Epikote 828. Figure 4.1 shows that most of
the MWCNTSs were fragmented into shorter lengths and are evenly spread. The average

length of the MWCNTSs appeared to be shorter than 500 nm (Figure 4.1). Determining
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the true length by TEM is difficult as the sections are 80nm thick (see section 3.7.1)
and therfore the MWCNT will be cut in the process of sectioning for TEM. Figure 4.5
shows a single strand of MWCNT _long after dispersion process with the length of 1.4
um. Although MWCNT _short appears dispersed but they were close to each other, into
higher density areas. In MWCNT _short, some agglomerated zones were visible within

the nanomodified resin as shown in Figure 4.7.

According to Korayem [107], the length of CNTs does not have significant effect to the
quality of dispersion in solution. In their research, they used four types of MWCNTSs
with three different diameters and two different lengths. These were L1020; the
diameter of 10 — 20 nm and length of 5-15 um, S1020; the diameter of 10 — 20 nm and
length of 1 — 2 pm, L.2040; the diameter of 20 — 40 nm and length of 5-15 pm, L4060;
the diameter of 40 — 60 nm and length of 5 — 15 um. They suggested that the diameter
of CNTs can affect the quality of dispersion. Using a larger diameter would improve
the ability of CNTs to be dispersed. A smaller diameter of CNTs will have larger surface
area which will lead to poor dispersion quality. On the other hand, Li et al. [134],
suggested that both the length and diameter of MWCNTSs do not affect the degree of
dispersion. They studied the characterisation of MWCNTSs dispersion by measuring
UV-vis absorption by the suspension been dispersed with MWCNTSs in the range of
wavelength from 350 to 750 nm. Three types of MWCNTSs were used in their study
with the average diameter and length of 5 to 50 nm and 15 nm — 1mm respectively.
Both studies showed that the dispersion of MWCNTSs gave different results according
to the types of CNTs, methods of dispersion and the materials to be dispersed into (the
dispersant). In both studies, the ultra-sonication method was used for the dispersion.

They observed that the length of the MWCNTSs were fragmented into shorter lengths.
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Huang et. al. [88] concluded that for a complete separation of CNTSs, the tubes need to
be broken during the process. This can be achieved by sonicated the CNTs. However,
a high shear mixer was used to separate the big aggregates to smaller aggregates as
shown in Figure 4.6 (a) and Figure 4.6 (b). Therefore, using a combination of both
dispersion methods is important. In this research, a three-roll mill method was used to
consolidate MWCNT _long and MWCNT _short in Epikote 828 resin and resulted in a

good end of dispersion.

Figure 4.1: TEM images showing achieved dispersion of MWCNT _long /
Epikote 828. The scale bar is 200 nm

Figure 4.2: TEM images showing achieved dispersion of MWCNT _long /
Epikote 828. The scale bar is 0.5 um
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? 5
Figure 4.3: TEM images showing achieved dispersion of MWCNT _short /
Epikote 828 at 200 nm scale bar

Figure 4.4: TE images showing achieved dispersion of MWCNT _short / Epikote
828. The scale bar is 0.5 pm.
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Figure 4.5: Dimension of MWCNT _long after a complete dispersion using the

combination of the three methods used.
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Figure 4.6: Arrows show the path in the process to break the large agglomeration

into smaller agglomerations

Previous studies concluded that ultrasonication treatment can significantly shorten the
CNT length [49,76,87,88,104,107,135]. Korayem et. al. analysed 200 CNTs in TEM
images and found that there were about 30% reduction in length after 15 min sonication
and 52% of reduction after 60 min sonication. The reduction in the CNTs length was

also studied by Inam et. al [49]. They used a sample of MWCNTSs with 2 um length
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and after sonication time of 5, 8, 11 and 14 minutes, the length of the MWCNTSs was
reduced to 1689 nm, 1332 nm, 992 nm and 502 nm, respectively. At least 5000 CNTs
were analysed and measured using software Image-Pro Plus. The study concluded that
the reduction of CNTSs length is propotional to the increament of sonication time. Figure
4.1 and Figure 4.2 shows a good agreement with all the prevoius research mentioned
above. The MWCNT _long were fragmented into a shorter length and dispersed evenly
in Epikote 828. Previous studies reported that the three-roll mill dispersion can lead to
a significant reduction in the agglomeration size and the consolidation of the CNTs in
the matrix with a small reduction in the length of CNTs [24,89,136]. Shear mixing,
described by Y.Huang et. al. [88], is able to effectively separate MWCNTSs without
causing damage. Coleman et al. [65] reported an improvement in dispersion by using a
high shear mixer and suggested that the dispersion was increased as the total mixing
energy was increased and the average nanotube length was reduced with the decrease

in the mixing energy.

Further observation shown in Figure 4.3 and Figure 4.4, revealed that the separation
between MWCNT _short is slightly higher as compared to the MWCNT _long. Huang
et. al. [135] indicated that when the CNTs are exposed to sonication, after a while, they
reach a constant length and the length distribution becomes narrower than the initial
population of CNTs filament. The filament gradually becomes shorter mostly by the
mechanical shearing process resulting from the fluid flow, rather than by thermal or
chemical effects of sonication. An equation based on shear-induced scission was
modelled by estimating the stress that is exerted on a filament caused by transmitted
viscous forces (shear forces) from the solvent. This equation estimates a steady-state

and limiting length, Liim, with no further reduction in length at a given sonication power.
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Considering a filament length L, and diameter d, tensile strength s~ of, the estimated

Liim will be [135]:

Lim~7x10%d /s~ (in Sl units) (4.1)

Using equation 4.1, the Liim for MWCNT’s length, was investigated. An estimation of

s~ was taken from other references [135,137-140]. s~ was assumed ~ 4 GPa
[135,140] for CVD MWCNT. The value of Liim was calculated using equation 4.1 for
MWCNT _long and MWCNT _short and for both type MWCNT it found to be between
0.4 um — 1.3 um. This result is in a good aggrement with the results shown in Figure
4.1, Figure 4.2, Figure 4.3, Figure 4.4 and Figure 4.5 (c) where the lengths of MWCNTSs
are between the range of calculated Lim. Figure 4.7 and Figure 4.8, show that the

average length of the MWCNTSs around the agglomeration was less than 0.5 um.
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Figure 4.7: Agglomeration appeared at scale bar 0.5 pm for MWCNT _short/828

after complete mixing using the combination of the three methods

Figure 4.8: Agglomeration for MWCNT _short/828 after a complete mixing by
combining the three methods.

A number of MWCNT _short with a length of 0.5 um — 2 um were very close to the

value of the predicted Liim. It Seems that the sonicated treatment could not further crack

65



the small agglomerations into single MWCNTS. Nevertheless, according to Huang et.
al., this equation is only applicable for low viscosity solvents, because at higher
viscosities, the probability for cavitation is much lower, but it shows qualitative picture

in tube breakage.

4.2 Scanning electron microscope (SEM) analysis

Flexural fractured surfaces of the Epikote 828+DDS epoxy resin and
MWCNTSs/Epikote 828 epoxy resin system were examined using SEM. Epikote 828
+DDS epoxy resin exhibits a relatively smooth flexural fracture surface as shown in
Figure 4.9. This demonstrate a typical fractography of brittle fracture behaviour which
is a sign of the low fracture toughness of Epikote 828+DDS epoxy resin. From Figure
4.9, it can be observed that the distance between two cleavage steps is about 100 pm —

200 um and the cleavage plane between them is flat and plain.

In comparison to the Figure 4.10 and Figure 4.11 of MWCNT_short/828 and
MWCNT _long/828 epoxy resin respectively, the surface fracture are rougher. The
addition of MWCNTSs in epoxy resin clearly increased roughness of the surface failure
[121,141] which was likely indicated the reason why nanocomposites show further
improve fracture toughness. Figure 4.10 and Figure 4.11 also shows that the size and
the distance of the cleavage plane decreased as compared to the Epikote 828+DDS
which was the result of a ductile deformation [142], unlike the Epikote 828+DDS epoxy
resin that has brittle fracture. Figure 4.12 shows the difference in between the area that

contains MWCNTSs and does not contain any MWCNTSs. The area which contain
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MWCNTSs form a network of cleavage compare to the area which does not contain

MWCNTSs it seems plain and featureless.

N\

SEM HV: 20.0 kV WD: 10.80 mm VEGA3 TESCAN
View field: 554 ym Det: SE 100 um
SEM MAG: 500 x Date(m/d/y): 01/17/18 Sheffield University - BioMedical Sciences EM Unit

SEM HV: 20.0 kV ‘ WD: 9.71 mm VEGA3 TESCAN

View field: 546 um ‘ Det: SE ‘ 100 pm
SEM MAG: 507 x Date(m/d/y): 01/23/18 Sheffield University - BioMedical Sciences EM Unit

Figure 4.10: MWCNT _short/828 flexural fractured surface
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Figure 4.12: Magnification of MWCNT _long/828 flexural fractured surface that

distinguished between the area that consist MWCNT and featureless area
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43 XRD

The XRD results of Epikote 828+DDS, MWCNT_powder, MWCNT _short/828,

MWCNT _long/828 are shown in Figure 4.13.

~—Epikote 828/DDS
~—MWCNT long/828

MWCNT short/828
—MWCUCNT powder

Intensity (a.u)

o~ N

0 10 20 30 40 50 60 70 80 920
20 (degree)

Figure 4.13: XRD patterns

The narrow peak of MWCNT powder at 20 = 25.6° was caused by the interlayer spacing
of graphite layers (002). The weak peak located at 42.9° for MWCNT powder ascribed
to the indication of graphite-like structure (100) [143,144]. For neat Epikote 828
sample, the broad peak centered at 20 ~ 16.4° and 20 =~ 41.06° indicate the amorphus

structure of the epoxy due to the scattering from cross linked network of Epikote 828
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with hardener [145,146]. However, the graphite-like peak (002) could not be seen in

MWCNTSs/828 composites because MWCNTS loading is only 0.38 wt%.

44 Raman

Raman spectra results were analysed to study the degree of structural defects in the
MWCNTSs after dispersion process. Raman spectroscopy provides beneficial
information about the crystalline and amorphous of materials from the carbon structure
[147] and CNTs structural changes during the dispersion [148] . The main
characteristics of MWCNT in the Raman spectrum are the G-band, which represents
the crystalline graphitic and tangent vibrational of sp? carbon (1500 — 1600 cm™) and

D-band which indicates for defects in disordered carbon (~1350 cm™) [72,149,150].

In Figure 4.14, the Raman spectra MWCNT _long/828 shows peaks at 1577 cm™ ( G-
band), 1340 cm™ (D-band) and MWCNT _short/828 Raman spectra shows peaks at
1616 cm™ (G-band) and 1325 cm™ (D-band). The quality of dispersed MWCNT, was
measured by analysing the integrated intensity ratio, R, the ratio of D-band to the G-
band (Io/lg) [72,151]. The samples with low Ip/lg shows that carbon atoms with sp?
bonded have few defects or high purity and high Ip/lg indicates that the samples contain

large quantities of defects or impurities.
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Figure 4.14: Raman spectra of MWCNT _long/828 and MWCNT _short/828

Table 4.1: A summary of results from Raman spectra

Raman shift (cm™) Intensity R
Samples Xb Xe Io I In/le
MWCNT _long 1340 1577 427 627 0.68
MWCNT _short 1325 1616 200 501 0.39

From Table 4.1, the intensity ratio (Ipo/lg) of the MWCNT _long and MWCNT _short
after dispersion were calculated as 0.68 and 0.39 respectively. The result shows that the
MWCNT _long has a higher value of Ip/lgc. This value is consistant with TEM
micrograph, which shows that most of MWCNT _long were fragmanted into shorter
length. According to F. Tuinstra and J.L. Koenig [152] , the increament of (Ip/lg) ratio

value was proportional with the incresed of the amount of ‘unorganized’ carbon and/or

71



decrease in the mean crystal size [153] and if Ip/lc > 2 shows that a serious damaged

form of carbon [152,154].

4.5 Fourier Transformed Infrared Spectroscopy (FTIR)

FTIR uses an infrared spectrum and interact to the vibration of frequencies which is
created between the bonds of the atoms [155]. The fingerprint of a sampple is represent
in terms of absorption peaks. FTIR spectra were recorded using a Bruker Alpha with
(single bounce Diamond) Platinum-ATR accessory. Spectra were obtained at 4 cm™
resolution and averages of at least 16 scans in the standard wave number ranging from

400-4000 cm™ at room temperature (23 °C).

4511 FTIR analysis

The chemical structure of Epikote 828+DDS, MWCNT long/828 and
MWCNT _short/828 nanocomposites were studied by FTIR to determine the type of the
chemical bonds and the functional groups on the surface of the nanocomposites. Figure
4.15 shows, the FTIR spectra of the uncure Epikote 828+DDS, MWCNT _long/828 and
MWCNT _short/828 and Figure 4.16 shows FTIR spectra for all the cured samples.
FTIR spectroscopy was used to characterise the nature of the epoxy using Table 4.2. It
is observed that the absorption bands of Epikote 828+DDS, MWCNT _long/828 and
MWCNT short/828 were quite similar, indicating that neither MWCNT _long nor
MWCNT _short appeared to change the chemical structure of the epoxy [156]. The

uncured epoxy was examined under the FTIR for the epoxide group, which can be
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indicated by the presence of a major band at 913 cm™, as shown in Figure 4.17. This
band is related to C-C bond contraction while both C-O bonds are stretching [157]. As
can be seen in Figure 4.18, this peak has disappeared for all the cured samples. The
absence of the peak after the curing process is an evidance of a high degree of cure in

the MWCNTSs/828 nanomodified composites and in the neat Epikote 828. [157-159].

Table 4.2: Characteristic bands of epoxy [160-162]

Band (cm™) Assignment

3470 O-H stretching

3057 Stretching of C-H of the oxirane ring

2965-2871 StretchingC-H of CH2 and CH aromatic and aliphatic

1625 Stretching C=C of aromatic rings

1505 Stretching C-C of aromatic

1030 Stretching C-O-C of ethers

913 Epoxy ring mode: Stretching C-O of oxirane group, while C-C

bond contracts
825 Stretching C-O-C of oxirane group

770 Rocking CH2
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Figure 4.15: Structure of uncure Epikote 828+DDS, MWCNT _short/828 and
MWCNT _long/828
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Figure 4.16: Structure of cured Epikote 828+DDS, MWCNT_short/828 and
MWCNT _long/828
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Figure 4.17: FTIR spectra illustrating band of 913 cm™ for all uncure samples
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Figure 4.18: FTIR spectra illustrating disappearance of 913 cm™ band for all

cured samples
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5 Thermal analysis

5.1 TGA analysis for neat Epikote 828

TGA was used to study the weight change of samples in order to measure the
constituent volume fraction of nanocomposites and CFRP composites as outlined in
Section 3.6.3.2. This analysis is important for the evaluation of MWCNTSs nanofiller
and carbon fibre contents. However, in this study, the MWCNTSs weight fraction cannot
be obtained due to the limitation of the TGA temperature (800 °C), the small mass of
added MWCNT and the creation of carbon char from the resin. The thermal degradation
of neat Epikote 828 (neat Epikote 828 was defined as Epikote 828 + DDS and was not
mix with any MWCNT as mentioned in section 3.1) was initially studied by heating in
nitrogen and air, as shown in Figure 5.1 and Figure 5.2. The maximum degradation
occurred at 432.14 °C when the samples were heated in a nitrogen atmosphere which
was about 5 °C higher than heating in an air atmophere, which is 428.88 °C. The
degradation temperature of Epikote 828+DDS started at 330 °C as shown in Figure 5.1.
The decomposition temperature was observed when the Epikote 828+DDS samples
were heated in air. The weight loss increased gradually from 360 °C to around 550 °C
- 560 °C; with total mass loss of 77.21% as shown in Figure 5.2. At 550 °C — 560 °C,
a mixture of epoxy and residue can be observed. Thus, the epoxy forms a char and does
not fully decompose. A higher amount of resin char residue was formed when the resin
was heated in air (see Figure 5.2), compared to that of the nitrogen (see Figure 5.1).
These data have an important implication in aiding in the selection of the optimum
isothermal temperature for constant residual weight of Epikote 828. Due to time
limitations, it was decided that one optimum temperature to be studied. Considering the
study by Jumahat et. al. [163] and the result obtained in Figure 5.2, a temperature of
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550 °C was used as the optimum isothermal temperature in this study. By heating the

samples in nitrogen from room temperature to 550 °C and keep the temperature constant

at 550 °C for one hour, a constant residual weight of the resin can be achieved, and

therefore the actual amount of resin residue can be collected.
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Figure 5.1: Neat Epikote 828 heated in nitrogen from 20 °C to 800 °C
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Figure 5.2: Neat Epikote 828 in air from 20 °C to 800 °C. Note the final mass is

now 0 % from an initial 22.78 % at 550 °C
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Figure 5.3 shows the heating method used in nitrogen and air atmospheres. The
temperature of 550 °C was chosen as an optimum isothermal temperature to burn off
the Epikote 828+DDS. The TGA profile can be divided into three stages namely stage
A, B and C. Stage A indicates the initial weight loss of 0.1% to 0.2% , which is due to
the loss of moisture. Stage B shows the decomposition of the Epikote 828+DDS in
nitrogen. The weight gradually decreases from 360 °C to 550 °C with total weight loss
of 82.14% as summarised in Table 5.1. The temperature was held at 550 °C for one
hour before the purge gas was switched to air. In stage C the residue of Epikote
828+DDS was heated until 800 °C. There was some residue with a weight of 1.2 % still
visible, even though the temperature had reached 800 °C. This amount residual char

varied in subsequent measurements

This study shows that a higher temperature is needed when decomposing Epikote
828/DDS resin system in nitrogen, thus the optimum isothermal temperature should be
slightly higher than 550 °C. Again, because of the time limit, the result obtained from
using optimum isothermal temperature of 550 °C was the best available option. Also,
the resin residue left (about 0.62 wt%) was considered to be within the acceptable range.
A maximum degradation temperature of 429.85 °C when heated in nitrogen and 660.16
°C when heated in air, respectively. These temperatures were obtained from the peak
(see Figure 5.3 (i) and (ii)) of the rate of weight loss versus temperature curve. The
amount of resin residue collected from the method shown in Figure 5.3 was compared
to the amount of resin residue collected when heating the sample in nitrogen atmosphere
(Figure 5.1). This is to confirm the weight fraction of the epoxy resin. A constant
residual weight was collected by both methods, which was about 18 wit% at a
temperature between 650 °C to 800 °C. Table 5.1 shows the detail from the TGA

results.
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Figure 5.3: TGA result generated by heating Epikote 828+DDS showing
degradation of polymer pattern. The heating method applies heating from 25 °C to
550 °C in N and heated at 550 °C for 1 hour, then switched to air until 800°C.
The isothermal temperature is at 550 °C for constant residual weight of

Epikote828

Table 5.1: Degradation temperature and weight fraction of Epikote 828+DDS

Heating methods Weight fraction (wt-%) Maximum degredation
temperature (°C)
Epoxy Carbon Epoxy Carbon
resin residue resin residue
Heating from 20 °C to 77.21 22.79 428.88 678.34
800 °C in air
Heating from 20 °C to 80.03% 17.58+ 433.37 + -
o e
800 °C In nitrogen 3.42 0.61 0.78
Heating from 20 °C to 82.14 17.86 429.85 660.16

550 °C in nitrogen; then
held isothermally for 1
hour at 550 °C. The purge
gas was switched to air
after 1 hour to 800 °C
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5.2 TGA analysis for MWCNT modified Epikote828

TGA was used to study the effect of MWCNT on thermal degredation behaviour of
Epikote 828+DDS. The initial objective was to determine the volume fraction of
MWCNT, but this was unachievable due to the equipment limitation and epoxy char
formation. Figure 5.4 and Figure 5.5 show the percentage of weight loss and the rate of
weight loss as a function of temperature. All the samples started to decompose at 330
°C. Figure 5.4, has a similar thermal decomposition behaviour to that of the Epikote
828+DDS. This would be expected for the 0.38% MWCNT added. The results show
that the addition of MWCNTSs to the resin matrix does not influence the onset
temperature (330 °C in both cases) but it does decrease the weight loss at a given
temperature. Figure 5.4 shows that, at 455 °C the loss weight are (76 %, 71 % and 70
%) for Epikote 828+DDS, Epikote 828 + 0.38 % MWCNT _short and Epikote 828 +
0.38 % MWCNT _long respectively. Similar results were observed for the samples

heated in air.

Table 5.2 summarised the TGA results for Epikote 828+DDS and MWCNT modified
Epikote 828. The decrease in weight loss percentage with temperature suggest that there
was an improvement in the interfacial interaction between the resin matrix and the
MWCNTSs in the nano-modified composites [142,164]. This behaviour occurred as a
result of the higher energy requirement to overcome the strong interfacial bonding

between the MWCNTSs and the resin system in the nano-modified composites samples.

A number of authors in previous studies, point out that the thermal conductivity of the
MWCNTSs is high (about 3000 Wm™K-1[165] compared with epoxy resins about 0.15-

0.3 Wm™K*[166-168] ), and therefore the dissipation of the heat in the nano-modified
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resin is faster than that of the neat epoxy resin [164,169,170]. However, this is a false
argument. The TGA operates as a heater that controls a temperature. So while the
MWCNT may conduct heat better, the sample, even with a poor thermal conductivity
will rapid reach thermal equilibrium, due to its small size. Thus the effect of thermal
conductivity, can at best, show a effect that relies on kinetics, for example the
temperature where degradation beings. There is no effective path for heat to be
dissipated in the TGA, the gas stream is at the set temperature and so is the sample. As
heat flows from hot to cold, there is no heat flow in an isothermal system. Thus thermal

conductivity is not relevant to this discussion.
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Figure 5.4: TG curves when heated in nitrogen from 25 °C, isothermal at 550 °C
for 1 hour, then heated to 800 °C in air
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Figure 5.5: Derivative weight curves when heated in nitrogen from 25 °C,
isothermal at 550 °C for 1 hour, then heated to 800 °C in air

Figure 5.6 and Figure 5.7 show the decomposition mechanism of the samples heated in
air. Epikote 828+DDS shows no residue after 790 °C, however there were some
residues left from MWCNT _long/828 and MWCNT _short/828 as in Figure 5.6. SEM
micrograph of the residue taken from MWCNTSs/828 heated in air are shown in Figure
5.8(a) and Figure 5.8(b). Figure 5.8(a) clearly shows that the MWCNT were
homogenously dispersed in the resin with no bubbles, while Figure 5.8(b) shows the
traces of bubbles in between the MWCNTS. This is possibly due to the fact that under
a high temperature, the strong interaction between MWCNTSs and the resin could retard
the diffusion of small molecules of the resin matrix and resulting in the improvement
of thermal stability of the nanomodified composites [51,171]. Additionally the bubbles
appeared between the MWCNTSs promote carbonisation and the increase in carbon

content would increase the amount of residues [172,173].
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Figure 5.6: (A) TG curves when heated in air from 25 °C, isothermal at 550 °C for
1 hour, then further heated in air to 800 °C, (B) Micrograph from SEM shows
some residue left for MWCNT _long/828 sample and MWCNT _short/828 sample
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Figure 5.7: Derivative weight curves when heated in air
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esidues from TGA after 800 °C
heated in air
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Figure 5.8: Micrograph (a) and (b) from SEM shows residues left after 800 °C

when heated in air
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Figure 5.10: Derivative weight curves when heated in nitrogen
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Table 5.2: TGA results on weight fraction and maximum degradation temperature

of Epikote 828 epoxy resin and MWCNTSs/828 composite epoxy resin

Heating Resin system Figure Weight fraction (wt-%) Maximum
Methods degredation
temperature(°C)
Resin Residue | Residue at Resin Carbon
at550 °C | 800 °C residue
Heating Epikote 828 + | Figure 5.6 77.21 22.79 0.00 428.88 678.34
method 1 DDS
MWCNT _short | Figure 5.6 72.96 25.63 1.22 429.49 706.65
/828
MWCNT _long/ | Figure 5.6 74.6 24.68 0.71 427.09 729.75
828
Heating Epikote 828 + | Figure5.9 | 80.03 + 18.76 £ 13.15+ 433.37 + -
method 2 DDS 3.42 1.74 1.19 0.78
MWCNT _short | Figure5.9 | 81.06+ | 19.04+ 15.67 + 426.79 + -
/1828 0.49 0.63 0.39 0.121
MWCNT _long/ | Figure5.9 | 80.93+ | 19.068 + 16.11 + 43292 + -
828 0.2 0.20 0.18 2.32
Heating Epikote 828 + | Figure 5.4 82.14 17.86 0.62 430.22+ | 67541
method 3 DDS 0.34 +5.63
MWCNT _short | Figure 5.4 80.89 1940+ | 0.77+£0.17 | 42350+ | 711.32
/828 0.40 6.50 +3.71
MWCNT _long/ | Figure 5.4 81.35 18.84+ | 0.96+0.33 | 42837+ | 722.23
828 0.26 0.83 +2.69

Heating method 1: in air from 20 °C to 800 °C

Heating method 2: in nitrogen 20 °C to 800 °C

Heating method 3: in nitrogen from 20 °C to 550 °C; then being held isothermally for

1 hour at 550 °C. The purge gas was switched to air after 1 hour to 800 °C
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5.3 TGA analysis for Epikote 828 CFRP laminates

TGA was also used to study the thermal stability of Epikote 828 CFRP composite
system. One of the main objectives in this study was to measure the weight percentage
of MWCNT in the composite. But, due to the equipment limitation, the variability in
the residue at 800C in both air and nitrogen and the small amount of MWCNT added,
this could not be determined. Therefore, the TGA was performed at a scan temperature

up to 800 °C.

In this study, the TGA was used to measure the weight percentage of carbon fibre in
the Epikote 828 CFRP composite. Figure 5.11 shows the thermal degradation behaviour
of neat Epikote 828/carbon fibre laminate. The laminate was heated in the TGA using
the technique described in Figure 3.15. The laminate was first heated in nitrogen gas
atmosphere from 25 °C to 550 °C at 10 °C/min and then was kept at 550 °C for 1 hour
and was further heated in air atmosphere to 800 °C at 10 °C/min. Figure 5.11 shows

that the laminate started to degrade at 332 °C.

Figure 5.11 can be divided into three different profiles, marked as A, B and C. Stage
A shows that the initial weight loss of the moisture content in the laminate was about
0.1 %. Stage B shows the decomposition of the resin and the weight loss gradually
increases from 332 °C to 550 °C. The total weight loss of 35.49 wt% was observed in
stage B. After keeping the temperature constant at 550 °C for one hour, the purge
nitrogen gas was switched to air. The SEM micrograph sample residues in Figure 5.13
(b), which was collected at 550 °C shows that, there was a resin which remains
deposited on the carbon fibres. Stage C shows that the resin residue starts to burn at 602

°C and then finishes at 800 °C, with a total weight loss of 24.65 wt%. Derivative weight
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curves in Figure 5.12, shows that the maximum degradation temperature of the resin
and its residue occurs at 419 °C (point (i)) and 656 °C (point(ii)), respectively. Figure
5.14 (a) and Figure 5.14 (b) show that, the resin was removed from the carbon fibre’s
surface after the sample was exposed to 800 °C. The TGA curve of the
Epikote828/carbon fibre CFRP composite was also compared to the decomposition
behaviour of Epikote 828+DDS (as discussed in section 5.1). The TGA curve of
Epikote 828+DDS confirms that the resin was heated off at 800 °C. It can be concluded

that the material which was remained after 800 °C was in fact the carbon fibre.
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Figure 5.11: Typical TGA results showing the percentage of weight loss versus
temperature of Epikote 828+DDS resin and Epikote 828/carbon fibre CFRP
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Figure 5.12: Derivative weight curves of neat Epikote 828 resin and Epikote
828/carbon fibre CFRP composites, heated in nitrogen gas from 25 °C to 550 °C
then kept at 550 °C for 1 hour and followed by heating in air to 800 °C

The fibre volume fractions in Epikote828/carbon fibre laminate was calculated in
accordance to ASTM standard D3171-99 (as discussed in section 3.6.3.2). Two samples
were tested. TGA results show that the average weight fraction of carbon fibre and resin
were 50.77 wt% and 48.23 wt% respectively. The average of Epikote828/carbon fibre
density determined by Accupyc was 1.47 g/cm?® (summary of result is shown in Table
5.5). The density of plain weave carbon fibre, as given by the manufacturer, was 1.79
g/cm? and the density of Epikote 828 polymer is 1.23 g/cm? as measured by Accupyc
(Table 5.3). The volume fractions of the carbon fibre and the resin in the

Epikote828/carbon fibre CFRP laminates were 41.69 vol% and 57.64 vol%,
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respectively. The resin volume fraction measured using TGA tecnique was very close

to the value measured using Accupyc (Table 5.3).

I

SEM HV:20.0kVv |  WD:9.77mm | VEGA3 TESCAN
View field: 276 ym Det SE 50 um
SEM MAG: 1.00 kx | Date(m/d/y): 01/17/18 Sheffield University - BioMedical Sciences EM Unit
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SEM MAG: 1.00 kx | Date(m/d/y): 01/17/18 Sheffield University - BioMedical Sciences EM Unit

Figure 5.13: SEM micrographs showing the Epikote828/carbon fibre CFRP

composites (a) carbon fibre without epoxy and (b) after heating at 550 °C
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Y(c) 800 °C

SEM HV: 20.0 kV WD: 9.82 mm
View field: 275 ym Det: SE 50 pym
SEM MAG: 1.00 kx | Date(m/d/y): 01/17/18 Sheffield University - BioMedical Sciences EM Unit
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SEM MAG: 500 x Date(m/dly): 01/17/18 Sheffield University - BioMedical Sciences EM Unit

Figure 5.14: SEM micrographs showing the Epikote828/carbon fibre CFRP
composites after heating at 800 °C with two different magnification (c) 1000x and
(d) 500x
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5.4 Density measurement

Table 5.3 and Table 5.4 shows the measurement values of volume and density of
Epikote 828+DDS, MWCNT _long/828 and MWCNT _short/828 measured using

Accupyc and Geopyc.

Table 5.3: Measurement of volume and density of Epikote 828+DDS,
MWCNT _short/828, MWCNT _long/828 using Accupyc

Resin system Volume (cm?) Density (g/cm?)
Epikote828+DDS 0.59 1.23

MWCNT _short/828 0.59+0.08 1.24 +0.002
MWCNT _long/828 0.55 1.24

Table 5.4: Measurement of volume and density of Epikote 828+DDS,
MWCNT _short/828, MWCNT _long/828 using Geopyc

Resin system Volume (cm?3) Density (g/cm?)
Epikote 828+DDS 0.86 + 0.02 1.19+0.016
MWCNT _short/828 0.84 1.24

MWCNT _long/828 0.72+0.22 1.23+0.04
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Table 5.5 shows the void -calculation of MWCNTs/828/carbon fibre and
Epikote828/carbon fibre laminates. MWCNTs/828 nano-modified composite laminate

have lower voids compared to that of the neat Epikote828/carbon fibre laminates.

Table 5.5: Void calculation of Epikote828/carbon fibre,
MWCNT _short/828/carbon fibre, MWCNT _long/828/carbon fibre using

Accupyc and Geopyc measurement values.

Carbon fibre/resin sytem True Density? Skeleton Void® (%0)
(Pn) Density®
(9/cm?) 29
(g/cm?d)
Epikote828/carbon fibre 1.47 1.39 + 0.007 5%
MWCNT _short/828/carbon fibre 1.48 147+ 0.12 1%
MWCNT _long/828/carbon fibre 1.50 1.49 + 0.003 2%

a Density measured by using Accupyc
b Density measured by using Geopyc

cvoid = 1- | 76 |x 100
rA

Figure 5.15 and Figure 5.16 show SEM micrographs cross-section of woven CFRP
composite which were made of plain weave carbon fibre, Epikote828/DDS resin and
plain weave Epikote828/MWCNT/DDS composite resin respectively. Imperfections in
the laminate, such as misalignments of fibre, fibre waviness and microvoids in the
matrix could not be completely eliminated during the lay-up process which with these
defects can initiate failure. In this study, the strength of the fabricated CFRP specimens

was study using short beam shear (SBS) test which will be discussed in section 6.3
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Figure 5.15: SEM micrograph of Epikote828/carbon fibre laminates

MWCNT _short/828/carbon fibre
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m Date(m/d/y): 01/23/18 Sheffield University - BioMedical Sciences EM Unit

Figure 5.16: SEM micrograph of MWCNT _short/828/carbon fibre laminate
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5.5 Dynamic mechanical analysis (DMA) and differential scanning calorimetry

(DSC) of Epikote 828 and MWCNT nanomodified resin composite

In this study, DMA was performed to evaluate the effect of MWCNTSs addition on the
thermal glass transition (Tg) of the nano-modified composites. The test was carried out
using three-point bending mode at oscillation frequency of 1 Hz and a scan temperature
from room temperature to 250 °C. T4 was determined from the peak of tan delta
spectrum at 1 Hz. This temperature represents the onset or the midpoint of the curve. It
can also be obtained from the peak temperature of the tan 3, or the peak temperature of
the loss modulus curve [110,174,175]. ASTM D 4065-01 suggested that the peak of
loss modulus can be documented as T4 [176]. In this study, the Ty was obtained from
the peak temperature of tan & and the peak temperature of the loss modulus curve.

Figure 5.17 and Table 5.6 revealed that the Tgy(tan 9), for all the samples were in the
range of 200 °C - 201°C. There was no significant difference in the T4 between the
Epikote 828 resin system and the MWCNT nano-modified resin system. The same
characteristic were shown in Figure 5.18 and Table 5.7. The Tq ranges between 190 °C
and 191 °C. There was no significant difference in the Ty between the samples. The
value of T4 measured with DMA is slightly larger than DSC and these have been
reported by previous researchers and it can vary by up to 25 °C [115,177]. Table 5.7
and Table 5.8 shows that, the T4 (E”) values were closer to the Tq (DSC) than the values
of Tgy(tan 8). The results suggested that the value of T4 obtained from the dynamic test

is comparable to the Tq measured using static techniques [178].
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Figure 5.17: Tan 6 versus temperatures for Epikote 828+DDS,
MWCNT _short/828, MWCNT _long/828 using DMA technique

Table 5.6: Summary of Ty obtained from maximum peak of tan & at 1 Hz using

DMA technique
Type of samples Tq (°C) Tq (°C) Average Tg (°C)
(sample 1) (sample 2)
Epikote 828+DDS 201.8 201.8 201.8
MWCNT _short/828 200.1 201.6 200.9
MWCNT _long/828 200.7 201.1 200.9
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Figure 5.18: Loss modulus (E”) versus temperature for neat Epikote 828,
MWCNT _short/828, MWCNT _long/828 using DMA technique

Table 5.7: Summary of T4 obtained from the maximum peak of loss modulus

using DMA technique

Type of samples Te®” max) (°C) Tg@E” may (°C) Average
Sample 1 Sample 2 Tg®” max) (°C)
Epikote 828+DDS 191.9 1911 191.5
MWCNT _short/828 190.0 190.5 190.3
MWCNT _long/828 190.4 190.4 190.4
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Figure 5.20: Tq obtained from DSC technique is analysed Using Pyris™ Manager

software
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Table 5.8: Summary of T4 obtained from the DSC technique

Type of samples Tysc) (°C) Tgosc) (°C) Average
Sample 1 Sample 2 Tgsc) (°C)
Epikote 828+DDS 190.0 191.2 190.6
MWCNT _short/828 184.4 186.1 185.3
MWCNT _long/828 190.3 191.4 190.9

5.6 DMA analysis of Epikote 828 CFRP composite and MWCNT nanomodified

CFRP composite

In this study, DMA was also used to measure glass transition temperature (Tg), from
the peak position of tan & vs temperature curves and the peak position of loss modulus,
E”, vs temperature curves of Epikote828/carbon fibre and MWCNTSs_828/carbon fibre
CFRP composites. From Figure 5.21 it was observed that T4 from peak of tan ¢ for the
Epikote 828/carbon fibre CFRP composites was lower by about 11 °C than T, for the
MWCNTs_828/carbon fibre CFRP composites. The same pattern was observed for Tq
from peak of E” shown in Figure 5.22 which shows that the T for Epikote 828/carbon
fibre CFRP composites was lower by about 23°C. The results of T4 for neat CFRP
composites and CFRP nanocomposites were different in pattern from neat epoxy resin
and nanocomposite epoxy resin, where for all the Ty of neat epoxy resin and
nanocomposite epoxy resin the average value are the same. Where as for the neat CFRP

composites the Ty is significantly lower than the T4 for CFRP nanocomposites.
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Figure 5.21: Tan 6 versus temperature for Epikote 828/carbon fibre,
MWCNT _short/828/carbon fibre, MWCNT _long/828/carbon fibre using DMA

technique

Table 5.9: Summary of Tq for Epikote 828/carbon fibre,
MWCNT _short/828/carbon fibre, MWCNT _long/828/carbon fibre obtained from
maximum peak of tan & at 1 Hz using DMA technique

Type of samples Tgtans) (°C)
Epikote 828/carbon fibre 171.91
MWCNT _short/828/carbon fibre 183.86
MWCNT _long/828/carbon fibre 182.81
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Figure 5.22: Loss modulus (E”) versus temperature for Epikote 828/carbon fibre,
MWCNT _short/828/carbon fibre, MWCNT _long/828/carbon fibre using DMA

Table 5.10: Summary of Tg for Epikote 828/carbon fibre,
MWCNT _short/828/carbon fibre, MWCNT _long/828/carbon fibre obtained from

the maximum peak of loss modulusm(E”’) using DMA technique

Type of samples Ty (°C)
Neat Epikote 828/carbon fibre 150.60
MWCNT _short/828/carbon fibre 173.37
MWCNT _long/828/carbon fibre 174.56

The increase in Ty value of MWCNT_long/828/carbon fibre and
MWCNT _short/828/carbon fibre as compared to the Epikote 828/carbon fibre show
that, the presence of nanoparticles such as MWCNTs may generate a strong interfacial

bonds with epoxy resin. This was due to the difficulty of the epoxy to move around the
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nanotubes causing mobility reduction thus increasing the corresponding Tg values
[141,145,179]. T4 from DSC for CFRP composites for the three different epoxy resin
systems cannot be generated as they did not show any distinguish curve in the graph.
The prevoius researchers have often found that DSC may not be sensitive enough to
measure Tq with high thermosetting resin and high fibre volume fraction as compared

to measuring T4 by using DMA [177,180] .
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6 Mechanical analysis

6.1 Compression test of epoxy polymer

The static unaxial compression tests of the epoxy resin systems were conducted on
cylindrical shape samples. The compressive properties such as elastic modulus, failure
at stress and strain, yield strength and strain at yield point, were measured based on BS
EN ISO 604:2003 [127] and ASTM standard D695 [125]. Figure 6.1, Figure 6.2, and
Figure 6.3 show the typical stress-strain curves of cylindrical samples of neat Epikote
828 epoxy resin, MWCNT _long/828 epoxy resin and MWCNT _short epoxy resin
loaded on static uniaxial compression. The compressive modulus of the epoxy was
calculated at 2% to 3% compressive strain. Table 6.1 shows the comparison between
the compressive properties of neat Epikote 828 epoxy resin, MWCNT _long/828 epoxy

resin and MWCNT _short/828 epoxy resin.

The compressive strength or compressive stress at break for both MWCNTs/828 epoxy
resin systems were higher than Epikote 828+DDS epoxy resin system. Compressive
modulus for Epikote 828+DDS was higher than MWCNT long but lower than
MWCNT _short/828. However, the compressive strain and compressive stress at yield
point of the neat Epikote 828 shows the highest value. From the table it can be
concluded that the nanocomposite increase in strength as compared to the neat epoxy

but became more brittle with the addition of the MWCNTSs.
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Figure 6.1: Stress — strain curves of cylindrical Epikote 828+DDS epoxy resin

system samples loaded in static unaxial compression
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Figure 6.2: Stress — strain curves of cylindrical MWCNT _long/828 epoxy resin

system specimens loaded in static unaxial compression
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Figure 6.3: Stress — strain curves of cylindrical MWCNT _short/828 epoxy resin

system specimens loaded in static unaxial compression

Table 6.1: A summary of compressive properties of Epikote 828+DDS epoxy
resin, MWCNT _long/828 epoxy resin and MWCNT _short epoxy resin of

cylindrical sample of 10 mm diameter x 10 mm length

Compressive properties Sample type
Epikote MWCNT _long/ MWCNT _short/
828+DDS 828 828
Compressive modulus, 1.61+£0.12 1.56 £0.07 1.72 £0.08
E(GPa)
Compressive stress at yield, 155.34 £ 1.92 140.72 £ 0.27 140.27 £ 0.33
oy (MPa)
Compressive strain at yield point, 13.24 £ 0.66 12.56 £ 0.50 12.47 £0.58
g (%)
Compressive stress at break, 315.66 + 2.90 330.73 £5.20 340.86 + 5.48
os (MPa)
Compressive strain at break, 42.33 £0.97 49.12 £ 0.03 51.32+0.78
s (%)
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6.2 Flexural test of epoxy polymer

Figure 6.4, Figure 6.5 and Figure 6.6 show the flexural stress-strain curves of Epikote
828+DDS epoxy resin, MWCNT _long/828 epoxy resin and MWCNT _short epoxy
resin. These curves provide useful information on flexural properties such as, flexural
strength, failure strain and flexural modulus. These properties were determined using
British standard 1SO 178:2010. The curves in Figure 6.4, Figure 6.5 and Figure 6.6
obeyed Hooke’s law, where the stress initially increases proportionally to the strain,
until it reaches the propotional limit at about 4 % flexural strain. Table 6.4 shows that
the flexural strength for both nanocomposite epoxy increased by 4.1 % - 4.7 % as

compared to the Epikote 822+DDS epoxy resin.
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Figure 6.4: Flexural stress-strain response of Epikote 828+DDS samples using a

three-point bending fixture
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Figure 6.5: Flexural stress-strain response of MWCNT _long/828 epikote samples

using a three-point bending fixture
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Figure 6.6: Flexural stress-strain response of MWCNT _short/828 epikote samples

using a three-point bending fixture

Table 6.2: A summary of flexural properties of Epikote 828+DDS epoxy resin,

MWCNT _long/828 epoxy resin and MWCNT _short epoxy resin samples using a

three-point bending test fixture

Flexural ) _
Flexural strength, Failure strain
Sample type modulus,
(MPa) (%)
(GPa)

Epikote 828+DDS 2.45+0.10 136.19 + 6.44 6.89 £ 0.53
MWCNT _long/828 2.72 £0.09 141.71 £5.78 7.11+£051
MWCNT _short/828 2.88 £ 0.07 142.61 + 3.09 6.92 £ 0.26
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6.3 Short beam shear test for CFRP composites

Interlaminar shear stress (ILSS) of the CFRP composites is determined through short
beam shear stress (SBS) test. Based on Bernoulli-Eular beam theory and as
recommended by ASTM standard (ASTM D2344) [133], the maximum interlaminar
shear stress is calculated using equation that has been discussed in chapter 3.9. The
simplicity of SBS test is the main advantage in determining ILSS, where the samples

were easy to prepare and required little fixturing.

However, results from the previous studies showed that the samples usually
encountered different types of damage before or concurrent with interlaminar shear
failure, which causing the samples to also experienced other failures than pure
interlaminar shear [14,181-183]. Especially in this study the test was complicated
because woven carbon fibre (plain weave carbon fibre) was used as a reinforcement.
This material has a non-planar interlaminar regions and relatively tough matrix which
can experience different failure modes before it experiences interlaminar shear failure

under SBS loading.
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Figure 6.7: Curves of load vs. deflection for a short beam shear for Epikote

828/carbon fibre CFRP composites
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Figure 6.8: Curves of load vs. deflection for a short beam shear for
MWCNT _long/ 828/carbon fibre CFRP composites
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Figure 6.9: Curves of load vs. deflection for a short beam shear for
MWCNT _short/ 828/carbon fibre CFRP composites

Results showed two typical SBS strength-deformation behavior when the graphs were
plotted. Figure 6.7A and Figure 6.8B which represent Epikote828/carbon fibre and
MWCNT _long/828/carbon fibre respectively, exhibit almost the same curve pattern
behavior. The two resin systems curves rise, then flattens at some points temporarily
before gradually drop after the crack initiation, but this behavior is more significantly
experienced by MWCNT _long/828/carbon fibre CFRP composite samples rather than
the Epikote828/carbon fibre CFRP composite samples. Meanwhile, MWCNT _short as
shown in Figure 6.9 curves rise gradually and increase proportionately with deflection
until it reaching the peak and suddenly drops illustrating a distinct failure load
developed in the samples. The type of sharp drop of at least more than 30 % after the
peak load was reached, was taken as an indication that a pure laminar has occurred in
the samples [14,184]. The differences in the behaviour of the epoxy resin systems can

be attributed to the different matrix properties in which samples with curve behaviour
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such in Figure 6.9C have a brittle structure while samples with the graph curve

behaviour similar as shown in Figure 6.8B the epoxy is more ductile [184].

The differences of the curves were also caused by other types of failure besides
interlaminar shear failure. Z.Fan et. al. [14] analysed the differences of ILSS graph
curves and found that, samples generating a curve such as Figure 6.9C is a clear
interlaminar shear failure that occurs in the sample. However, micro cracking of the
resin inside the fibre tows was observed in the samples that generated curves similar
with Figure 6.8B. This was caused by compression and some indentation failures. It
was concluded that the samples generating the type of curves shown in Figure 6.8B

experienced some other damage modes contributing to the failure.

The average ILSS value of Epikote 828/carbon fibre, MWCNT _long/828/carbon fibre
and MWCNT _short/828/carbon fibre CFRP composites as shown in Table 6.3, Table
6.4 and Table 6.5 were 55.19 + 1.84, 45.29 + 3.06 and 62.92 + 3.72, respectively. From
the error bar shown in Figure 6.10, it was found that MWCNT _long/828/carbon fibre
has lower ILSS as compared to the Epikote828/carbon fibre by 17.93% and

MWCNT _short/828/carbon fibre however increased ILSS by 14 %.
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Table 6.3: ILSS of of Epikote828/carbon fibre measured using SBS method

Epikote828/carbon fibre Maximum load (N) ILSS (MPa)

samples #

1 2183.95 54.95

2 2156.38 52.58

3 2329.54 57.66

4 2279.64 55.87

5 2250.55 54.87
Average 2240.01 55.19

Table 6.4: ILSS of MWCNT _long/828/carbon fibre measured using SBS method

MWCNT _long/828/carbon Maximum load (N) ILSS (MPa)
fibre samples #
1 1775.40 42.00
2 1959.23 45.36
3 1955.93 45.61
4 2006.11 43.40
5 2144.78 50.09
Average 1968.29 45.29

Table 6.5: ILSS of MWCNT _short/828/carbon fibre measured using SBS method

MWCNT _short/828/carbon Maximum load (N) ILSS (MPa)
fibre samples #
1 3381.32 67.55
2 3127.75 64.55
3 3251.52 64.21
4 3111.19 59.93
5 2908.87 58.36
Average 3156.13 62.92
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Figure 6.10: ILSS chart of Epikote828/carbon fibre, MWCNT _long/828/carbon fibre

and MWCNT _short/828/carbon fibre measured using SBS method

Table 6.6 represent the actual ILSS test data for each group of the resin systems CFRP
composites samples as a single p-value derived for this group taken as a whole. The
standard deviation of each group of samples or sample coefficient of variation which
are represented in percentage were 3.33 % - 6.76 %. The analysis of variance (ANOVA)
was used as a tool to statistically analyse the difference between the sample groups
[185]. The reason of using ANOVA was, the deviation among the sample groups is not
much different from the deviation within each group. SPSS was used to calculate p-
value. The very small p-value, 3 x 10 confirms that MWCNTSs affects the ILSS of the
CFRP composites. It is statistically significant because the p-value is less than 0.05, the

data from different group is considered statistically distinct.
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Table 6.6: Summary of ILSS of Epikote828/carbon fibre, MWCNT _long/828/carbon

fibre and MWCNT _short/828/carbon fibre measured using SBS method

Samples number ILSS (MPa)

1 54.95 42.00 67.55

3 57.66 45.61 64.21

5 54.87 50.09 58.36

Standard deviation 1.84 3.06 3.72

p-Value 3x10°

115



7 Discussion

7.1  Summary

This chapter discusses the effect of MWCNTS on the properties of epoxy polymers and
their contribution to the reinforcement in CFRP composite quality. The influence of
MWCNTSs on the physical, mechanical and thermal properties of Epikote 828+DDS are
discussed based on the results in Chapter 5 and Chapter 6. Based on all the results in
section 6.1 MWCNT _short/828 was found to improve in elastic moduli and strengths
properties of the Epikote 828+DDS without significant reduction in thermal properties.
However, the value of failure at yield point for both strain and stress was lower than
Epikote 828. MWCNT _long/828 improved in strength but the value of young moduli
and strength at yield point were lower than Epikote 828+DDS. Section 6.2. This shows
that both nanomodified systems were found to improve the elastic moduli and strengths
of Epikote 828+DDS without any significant reduction in thermal properties and failure
strain. Therefore, the investigation was extended to further study the failure properties
of nano-modified CFRP composite in order to analysed the interaction between the two
resin nano-modified systems with carbon fibre as compared to Epikote 828+DDS
epoxy resin. Thus, this chapter is divided into two main sections; (i) the effect of
MWCNTSs on the properties of Epikote 828 epoxy polymer and (ii) the effect of
MWCNTs on the properties of MWCNTs/828/carbon fibre CFRP composites.

Conclusion and future study are also discussed in this chapter.
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7.2 Effect of MWCNTSs on the properties of Epikote 828 epoxy polymer

7.2.1 Degree of MWCNTSs distribution

The TEM results ( as reported in section 4.1) on the morphology of nano-modified
systems showed that MWCNT _long has the best degree of dispersion. MWCNT _short
also showed a good dispersion although there were some agglomerations occured, but
their size were only ranging from 2 um to 7 um. These nano-modified epoxy were
succesfully cured with amines curing agent type (DDS). A good system was created
based on these materials (MWCNTS, Epikote 828 and (DDS) even at very low weight
fraction of 0.38 wt%, it could increase the quality of thermal and mechanical properties
of Epikote 828. In addition, the nano-modified composites which were preapred using
three mix methods (the high shear mixer ; 10 minutes, ultrasonic probe ; 15 minutes

and 3-roll mill) in this study were also successfully done.

7.2.2 Thermal degradation temperature

The effect of MWCNTSs on the thermal degradation temperature of Epikote 828 was
studied. Two nano-modified epoxy composite systems i) MWCNT long and ii)
MWCNT _short were investegated. The results of both systems showed that nano-
modified epoxy composites have higher thermal degradation temperature compared to
neat Epikote 828. Figure 7.1 showed the summary of the maximum degradation
temperature of resin residue of MWCNTSs/828 epoxy composites compared to that of
the Epikote 828+DDS epoxy polymers. From Figure 7.1 it can be concluded that nano-
modified epoxy composite could increased thermal stability to the Epikote 828+DDS

epoxy polymer. The thermal degradation temperature increament suggests that the
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interfacial adhesion between nano particle and epoxy matrix is good therefore higher
temperature were needed to burn off the epoxy which was glued on the nanoparticles’
surface. The increament of thermal degradation of MWCNT long/828 epoxy
composite system was higher than MWCNT _short/828 epoxy composite system
probably because of MWCNT _long dispersion was much more spreadable as showed

on the TEM micrograph in Figure 4.1 and Figure 4.2.

730 7 6.93 %

5.05 %

700 7

670 7

Maximum thermal degradation
temperature (°C)

640 7

610 -
Epikote 828+DDS MWCNT _short/828 MWCNT _long/828

Figure 7.1: Comparison of maximum thermal degradation temperatures of
MWCNT _short/828, MWCNT _long/828 with Epikote 828+DDS epoxy

7.2.3 Glass transition temperature

The glass transition temperature (Tg) of a polymer composites is a temperature which
changes the state of matrix material either, from glassy to rubbery during heating or

from rubbery to glass during cooling. In Figure 7.2, the glass transition is determined
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by the peak of Tan & which was measured using DMA. Both types of nano-modified
composite resins showed a slight reduction in Tq compared to Epikote 828+DDS. This
concludes that, both types of MWCNTSs do not have the best effect on Ty for low
molecular weight epoxy, such as Epikote 828. MWCNT _long/828 epoxy composite
and MWCNT _short epoxy composite were not significantly different from each other

as shown by the error bars.

201 1

Glass transition temperature, Tg (°C)

199 -

Epikote 828+DDS MWCNT _short/828 MWCNT long/828

Figure 7.2: Comparison of T4 values of MWCNT _short/828, MWCNT _long/828
with Epikote 828+DDS epoxy

7.3 Elastic modulus

When external forces are applied to a material there will be a resistance to deformation
of materials and this resistance is measured as elastic modulus. In this study, the elastic

modulus was determined by conducting compression and flexural tests. The results of
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elastic modulus were summarised in Figure 7.3. This figure shows that flexural moduli
has an increament of 11 % for MWCNT _long/828 epoxy composites and 43 % for
MWCNT _short/828 epoxy composites as compared to the Epikote 828+DDS epoxy
polymer. Compressive moduli showed no statistically significant value to compare
between the epoxy systems, it can be concluded that, MWCNT _short/828 epoxy and
MWCNT _long/828 epoxy composites have no effect to Epikote 828. Figure 7.3 also
shows that, MWCNT _short/828 epoxy has a higher quality as compared to the
MWCNT _long/828 epoxy composites for both compressive and flexural moduli. This
may be related to the result in section 4.4 which was discussed on Raman spectroscopy.
The intensity ratio (Io/lg) of the MWCNT _long was higher than MWCNT _short, with
the value of 0.68 and 0.39 respectively. This indicates that MWCNT _long contains
large quantity of defects of carbon atoms which were bonded with sp? as compared to

the MWCNT _short which decreased the quality of the nano-modified resin.

3.0 1

2.0 1
6.83 %

1.0 A

Compressive modulus (GPa) and
Flexural modulus (GPa)

0.0 -

Epikote 828+DDS MWOCNT _long/828 MWCNT _short/828

Figure 7.3: Comparison of compressive and flexural moduli of
MWCNT _short/828 epoxy and MWCNT _long/828 epoxy composites with
Epikote 828+DDS epoxy
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7.4 Effect of MWCNTSs on the properties of CFRP composites

The previous section has shown that nano-modified epoxy composites with uniformly
dispersed MWCNTS, in the average, enhanced compressive and flexural toughness
properties with no significant reduction in thermal properties of the Epikote 828. The
study was extended to the fabrication of CFRP laminates using 0.38 wt% MWCNTSs-
modified Epikote 828 with plain weave carbon fibre. There are two types of MWCNTS,
which were different in length used in this study. A conventional technique, using hand-
layup, resin impregnation and vaccum bagging, were used to fabricate a MWCNTSs-
modified carbon fibre laminates. Unfortunately the volume contents of MWCNTSs
cannot be measured because of the device limitation. Density is also one of the
important characteristics in composite design. the density of the neat Epikote
828/carbon fibre composite was 1.39 g/cm3 while the addition of 0.38 wt% of
MWCNT _long and MWCNT _short slightly increased the density of the laminate to
1.47 g/lcm3 and 1.49 g/cm? respectively. In addition, the TGA results showed an
improvement in the thermal stability of the laminate in addition of MWCNTSs. From
the short beam shear test, it was found that MWCNT _long/828/carbon fibre has lower
ILSS as compared to the Epikote828/carbon fibre by 17.93% and
MWCNT _short/828/carbon fibre however increased in ILSS by 14 %. Considering the
weight fraction of resin in the laminates composites was about 57 %, the
MWCNT _long weight fraction in the hybrid composites as whole, was much lower,
about 0.38 wt%. This indicates that a small amount of MWCNT can enhanced the ILSS

effectively.
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8 Conclusion and suggestions for future work

8.1 Conclusion

The interlaminar shear strength of laminated CFRP composites is primarily influenced
by the properties of the matrix [14]. Therefore, this study’s objective is to enhance the
mechanical properties mainly the interlaminar shear strength by introducing MWCNTSs
into the matrix. In order to achive this, two types of MWCNT-modified resins were
evaluated. Based on the thermal and mechanical tests results, some conclusions are

made.

1) Stiffer resins were successfully developed using MWCNTSs. The elastic
modulus of the Epikote 828 epoxy polymer measured in compression and

bending was increased with the addition of MWCNTSs.

2) MWCNT _short/828 epoxy composite in the average, has the higher elastic

modulus compared to the MWCNT _long/828 epoxy composite.

3) MWCNTSs were homogeneously dispersed in Epikote 828 polymer.The addition
of MWCNTSs improved the compressive and flexural toughness and thermal
stability of the Epikote 828 epoxy polymer. The major toughening mechanisms
involved the formation of micro cracks and plastic yielding as revealed by SEM

micrographs.

4) The experimental results showed that MWCNT _short/828 CFRP laminates

increased in ILSS in about 14 % by adding only 0.38 wt% of MWCNT.
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8.2 Recommendation for future work

In this study, the worked demonstrated the MWCNTs was dispersed in CFRP
composite enhanced the interlaminar shear properties. However, other properties must
further be studied in order to compete with commercially available systems. The
compressive, tensile and fracture toughness of the nano-modified laminates must be
further investigated. The CFRP composites are usually characterised by their damage
tolerance and resistance. Compression after impact (CAI) and open hole compression
(OHC) are the tests to measured these properties. Therefore, these properties are

strongly suggest to be investigated for adding MWCNTS into the epoxy.
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