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Abstract

Composite materials are widely used in various important applications due to their
good engineering properties. However, these properties can be reduced when
subjected to different type of loads. This thesis experimentally, theoretically and
statistically investigates the possibility of using multi-walled carbon nanotubes
(MWCNTSs) as a filler to fabricate self-sensing nanocomposites for fracture and
damage sensing applications. Self-sensing composite based MWCNTS can be used to
diagnose early stage damage in order to prevent a fatal fracture that could occur in the
structure during its working life. Here, different concentrations of MWCNTSs were
evenly distributed either in an epoxy resin using high frequency sonication or by
depositing them onto the glass fibre surface to make it electrically conductive.
Scanning electron microscopy (SEM) and Raman spectroscopy were used to
investigate the presence of the MWCNTSs and their interaction with the matrix. These
self-sensing nanocomposites were subjected to different types of failure such as low
velocity impact, static and cyclic compression test under varied temperature,
anticlastic deformations including flexural and bending tests. During such testing the
mechanical, electrical, impact damage, damage sensitivity, flexural, and piezoresistive
properties were examined experimentally and statistically. The results of SEM
microscopy showed that the MWCNTs were well distributed inside the matrix,
although some agglomeration occurred at high MWCNTSs concentrations. Moreover,
electrical conductivity measurements indicated a steadily increasing directly
proportional relationship with increasing the MWCNTS concentration. In addition, the
observed changes in the electrical resistance of specimens increased with increasing
impact energy, and temperature. Conversely, the resistance decreased with increasing
compression loads, and during flexural and anticlastic testing up to a certain level and
then increased due to specimen distortion. In terms of the strain sensitivity, there are
two strain sensitivities, in opposite directions obtained, during anticlastic testing and

only one obtained under flexural and compression testing conditions.

This study has confirmed that the properties of a self-sensing composite are strongly
dependent on the method used to deposit the MWCNTS onto the surface of glass fibres
layers, the types of test, deformation after testing and the operative test conditions (i.e.
temperature). Given these results, it is possible to correlate the degree of damage

incurred due to the external loads with the changes in electrical resistance of the



MWCNTs-GE nanocomposites both during, and after, loading. Therefore, this type
of self-seing nanocomposites shows excellent potential for use in many strain and

fracture sensing applications.
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Chapter 1

Chapter 1

Introduction and Background to Research

1.1 Overview

As modern engineering materials, composites are widely used in many important
industries such as oil and gas, aerospace, and the marine sector. This is due to their
superior properties such as being lightweight, having high specific strength, and
thermal stability as well as low creep and good corrosive resistance [1]. Moreover, as
part of the design process composite materials can provide good flexibility to control,
and tailor, multiple physical and mechanical properties through the selective choice of
reinforcement and matrix materials. With a laminated composite the structural
materials consists of two main phases mixed at the macro-scale. The first phase is a
fibre discontinuous reinforcement phase, which provides strength and stiffness while
the second phase is called the matrix, which is a weaker but tougher phase and is
usually a polymeric material, either thermosetting or thermoplastic. The matrix
encapsulates the fibre and therefore is considered to be the main load transfer carrier

for loading through the laminate composite materials [2].

However, there are disadvantages and problems associated with composites which can
arise both during manufacturing / processing or when the composite is in service. For
example, cracks can initiate in the matrix material and cause delamination between
the laminate layers, i.e. debonding or separation between the matrix and the fibres.
This type of failure is the major drawback when using laminate composite materials.
The propagation of cracks inside the composite components can lead to the sudden

catastrophic failure and degradation of the structure.

1
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Furthermore, a composite can usually be characterised as an anisotropic material when
compared with metals and alloys. This is because composite materials are
manufactured using a variety of processing techniques, which have to account for a
numbers of different fabrication variables. These variables lead to increased
opportunities to create many failure-promoting defects. Therefore, damage detection,
prevention or delay is a major challenge to address, because damage usually occurs
inside the composite structure [3]. Due to the demanding requirements for safety in
the energy and aerospace sectors, it is very important to develop real-time structure
health monitoring which can be used in service. Such a system could be used to
indicate the physical conditions of the structure so reducing the maintenance time.
This could also help to prevent sudden catastrophic failure. Current structural health
monitoring (SHM) techniques include optical fibres, strain gauges and piezoelectric
sensors, which detect any changes in the condition of a structure during operation.
Using these sensors to provide data at a restricted position is often difficult and
therefore it might be necessary to place them in adjacent less sensitive location near
to where failure is likely [4]. One of the most effective ways to monitor the structure
health is by creating a large network area of strain sensors on the surface of the

structure which can give an effective response.

However, this type of technique suffers from serious shortcomings and is therefore not
perfect, can be costly and requires a very complex network system to function well.
In addition, it is very difficult to embed sensors inside the composite structure because
they might be chemically incompatible with the composite components. For example,
embedded optical fibres inside composite laminates may cause early cracking in the

matrix, since another potentially debonding interface is created. These embedded
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sensors may make the composite weak in use, so minimising their potential

applications [5].

To overcome these issues, it is necessary to manufacture a multi-functional composite,
often called a smart composite, which has the ability to sense in itself any change in
its structural state during operation. The °‘self-sensing’ concept is achieved by
employing the electrical methods to sense the internal health condition of the structure.
The advantage of the self-sensing technique is to secure the composite from sudden
damage by preserving all of the original mechanical properties, whilst potential
internal defects can be monitored and sensed [6]. Carbon fibre reinforced polymer
(CFRPs) are electrically conductive and can be used as a smart composite material.
However, the failure mode in the CFRPs depends on fibre breakage and this damage
most often occurs near the end of the structures life. Hence, early detection of damage,
such as delamination or matrix cracking, is essential as part of a self-sensing technique

which seeks to monitor the structural integrity of the structure.

Moreover, glass fibre reinforced polymers (GFRPs) are not considered within this
concept since they are not electrically conductive. In order to make GFRP composites
sensitive they must be conducting, and so have ability to detect the damage at an early
stage. This can be achieved by two methods: either by embedding nano-scale fillers
within the matrix polymer, or by modifying or coating the fibre surfaces using

conductive nano-scale fillers.

Amongst the types of conductive fillers available, carbon nanotubes (CNTS) are
considered to be a suitable candidate to make a GFRP composite conductive due to
their very good electrical conductivity, effective mechanical properties, low density

and high aspect ratio [7, 8]. They can be employed inside the non-conductive matrix
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or on the surface of the fibre, so making them conductive materials due to the
formation of a conductive CNTs network structure. Using CNTs as fillers in GFRPs
could also provide a possible method of monitoring the structural health without the
need for sophisticated electronic equipment, so improving the monitoring efficiency

whilst reducing the cost.

CNTs are not only used as conductive materials but also to improve mechanical
properties such as the interlaminar shear strength or toughness of the composite [9].
They do this by enhancing the interfacial connection between the matrix and surface
of the reinforcing fibres. In this context, most researchers [10, 11] have tried to
improve the smart composite by using an optimised method using CNTs. However,
these always tend to agglomerate at high levels of concentration. In addition, they also

suffer from a lack of homogenous and even distribution on the fibre surface.

Therefore, the main aims and objectives of this research study are as follows;

1. To manufacture a self-sensing nanocomposite for crack damage detection
under harsh operating conditions. Therefore, in this part, self-sensing
MWCNT/epoxy nanocomposites containing different concentrations of
MWCNTs will fabricated. Following this an investigatigation of their
electromechanical properties will be conducted during static and cyclic
compression tests at different temperatures.

2. To fabricate a smart composite using glass fibres containing MWCNTSs for
damage sensing under different loading conditions, such as might occur during
anticlastic bending. Therefore, it would appear that previous researchers have
concentrated only on the standard tests such as tensile or bending. However,

the anticlastic-bending test is also very important to investigate the static
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failure behaviour of composites when they are used in plate or sheet form. The
main aim of this test is to study the effect of the MWCNTS, when mixed with
the polymer resin at different concentrations, on the mechanical and electro-
mechanical behaviour of the composites during two different types of bend
tests. These tests were (i) the anticlastic bend test, (ii) a pure flexural bend test
for comparison. The purpose of these tests was to investigate the effects of the
distributed MWCNTSs in the matrix of the composite on the reversibility of the
mechanical properties of a laminate composite during anticlastic loading.
These tests also aimed to investigate the damage accumulation in the
composites as determined by the piezo-resistivity and the strain sensitivity of

the composite during a specific strain deformation.

. To carry out a full examination of the effectiveness of applying CNTSs directly
onto the fabric surface during epoxy infusion. The main aims here were to
firstly; investigate the use of a fixing adhesive on the glass fibre surface which
held the MWCNTSs in their desired location during the resin infusion process.
Secondly; to investigate any variations in the mechanical, electrical and strain
sensitivity properties (viz. any property gradient) along the composite panel
length. In particular, a numerical study was also carried out to investigate the
changes in the tunnelling distance between individual MWCNTSs in relation to

their volume fraction along the composite panel length.

From the previous studies it is clear that after the addition of CNTSs to the glass
fibre composite, the damage after impact load can be sensed and detected.

However, these studies, and others, have concentrated only on the change in



Chapter 1

electric resistances before and after impact without making any evaluation of
the changing relationship between the electrical resistance of the structure, and
other properties such as degradation in mechanical properties or the absorbed
energy, during the impact. Therefore, a simple method was developed to
evaluate the correlation between the energy absorbed by the target after low-
velocity impact and the change in the electrical resistances under the same
impact test conditions. Here, the epoxy resin had different MWCNTSs
concentrations added (i.e. 0.5, 1.0, 1.5, 2.0 wt.%) to fabricate a nanocomposite
matrix material for the glass fibre composite. The results achieved give a clear
path towards developing a self-sensing composite which can sense any damage

occurring due to impact as a real-time event.
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For clarity, the thesis structure, and the project development, is outlined in the flow

diagram Figure 1.1.

Thesis title

The Manufacture and Testing Of Self-Sensing CNTs
Nanocomposites for Damage Detecting Applications

!

Using CNTs as an additive conductive
filler to the composite

. 2

Adding to the matrix material only Deposited on fibre surface

2 2

Testing of self-sensing
nanocomposite using different
types of tests and conditions

Testing Conducted:-

s Static compression and cyclic tests
(with heating)

* Anticlastic tests

* |mpact and strain sensing

* Resistance monitoring
® FElectro-mechanical tests

\ 4

Results and Conclusions

<

Summary and
Recommendations for Future
Work

Figure 1.1: Outline of thesis

The outcomes of the experimental work conducted during this research study are
represented as individual chapters in this thesis. Each chapter is concerned with a
specific area of study (as defined above) and reports the work conducted and the
relevant findings obtained. Each chapter concludes with the suitable conclusions to be

drawn.
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Chapter 2

Literature Review: The use of Carbon Nanotubes in
Composite Materials

This chapter reviews the current state of the art in relation to the incorporation of

carbon nanotubes in composite materials.

2.1 Nanotechnology

The term ‘Nanotechnology’ deals with the design, fabrication and applications of
materials at nanoscale levels typically 1-100 nm. It is applied in physics, material
science, chemistry, interface science, medical, robotics, chemical, mechanical,
biological and electrical engineering. At the nanoscale, it has been observed that the
materials possess very different properties when compared with the same material at
the macroscale. This opens up exciting new opportunities in science and technology
which might lead to the manufacture of mini components that have more efficient,

lighter, stronger, and more effective properties than those currently available [12].

There are two main approaches to the synthesise of nanomaterials, the bottom-up
approach and the top-down approach [13]. In the bottom-up approach, the materials
are built and prepare from atomic levels by using self-assembly techniques. In a top-

down approach, milling or grinding are used to making nanoparticles.

As discussed above, there are many excellent potential applications for

nanotechnology in materials science and engineering. These are represented in:
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1. Obtaining on lightweight, high strength materials.

2. Nanocomposite materials, with novel properties.

3. Thin coatings to protect structural and components from corrosion.

4. Making the composite “self-sensing™ to changes in externally applied

conditions such as temperature, gas leakages, pressure and strain.
2.2 Historical Development of Carbon Nanotubes

In 1991, Iijima discovered the ‘seamless’ single wall carbon nanotube [14]. A
seamless (SWCNT), shown in Figure 2.1 can be prepared by rolling up a sheet of
graphene. Similarly where multiple concentric tubes are produced then a ‘multi-

walled’ carbon nanotube (MWCNT) results [15].

A) B)
n,0) & :..-‘. o
al ; E_ ) A
- : ) zigzag 375 '
o A ) (14,0) &% -
e: )
s

Graphene

(n,m)

(8,8)

Figure 2.1: (a) Schematic showing the formation of sheet of graphene, by rolling it along different
directions and the resulting gives SWNTs as in (a), (b), (c), (d) and MWCNTs as in (e) [15]
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When the sheet of graphene is rolled into a cylindarical shape along the length of its
chiral axis Ch, then a nanotube of circumference equal to the length of the chiral axis
is created. The integer parameters of n and m are indicated in the chiral axis, are

expressed in equation (2.1):

Ch=nai + maz (2.1)

In the above equation, a: and a, are vectors of lattice translation as shown in Figure
2.1. The diameter of the final nanotube would depend on these (n, m) parameters. The

diameter of a single wall carbon nanotube is therefore given by equation (2.2) [16]:

diameter =axXvyn? + m?2+ nm /o (2.2)

Where; a = 0.264 nm indicating the size of the lattice vector. If (n) is equal to (m),
then the ‘armchair’ nanotubes are formed. If (n) or (m) equal to 0, then ‘zigzag’
nanotubes are formed. When the hexagonal atomic arrangement is around the
circumference, these lead to both ‘armchair’ and ‘zig-zag’ configuration [16]. Along
the hexagon axis then ‘Armchair’ nanotubes are formed, while along a diagonal axis
then ‘zig-zag’ nanotubes shape are formed. For 2 - 50 concentric tubes then
(MWCNTS) are formed. In summary, the performance of SWCNTSs is very sensitive
to purity and chirality, which are very hard properties to control. MWCNTS are more

economical and can be grown cheaply to a high degree of purity [17].
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2.3 Mechanical Properties of Carbon Nanotubes (CNTYs)

Carbon nanotubes (CNTSs) have excellent mechanical properties because their atomic
structure is isotropic in 3D space as shown in Figure 2.1. These properties were
obtained from the results of stress-strain testing [18-20]. CNTs have excellent strength
and stiffness characteristics, which are equal in all their directions. The comparative

mechanical properties of CNTs are shown Table 2.1.

Table 2.1 The properties of SWCNT, MWCNT and traditional steel [18-20] in the longitudinal
direction at room temperature.

Physical property SWCNT MWCNT Steel
Density (g-cm™) ~1 1.4-2.1 7.8
Melting point (°C) 3550 3550 1538
Thermal conductivity (W. m. K1) ~3500 ~3000 80
Electrical resistivity (n€2-m) 10 10 100
Tensile strength (GPa) 13-53 11-150 0.4-1.5
Elongation to break (%) 16 ~10 15-50
Young’s modulus (GPa) 1000 1000 200

These properties can depend on the shape, the diameter of CNTs and the measurement
method [7]. The Young’s modulus of the CNTs can be up to 1.4 TPa and with tensile
strengths of up to 63 GPa [18]. It is also known that the mechanical properites of multi-
wall carbon nanotubes can be slightly less than those for single-wall carbon nanotubes
due to the presence of defects within their structure. These defects form during the
synthesis process when some layers are easily broken [19]. In addition, atomic force

microscopy (AFM) has been used to measure, by a way of a measured deflection, the

11
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modulus of elasticity of individual CNTs in tension. The results indicate that tensile
strength of the CNTSs is over 150 GPa. That means that, they are = x100 stronger than

steel [20].

2.4 Using CNTs as a Reinforcement Filler in Smart Composite

Materials
Composites, which are made from the fibre with epoxy, are suitable for many

important applications due to their good specific stiffness ( g) and specific strength

(oi). However, there are some problems which still need to be considered. These
ts

include their in-plane (fibre) and out of plane (matrix) mechanical properties. The out-
of plane properties (matrix) are relatively weak and still represent a major obstacle
[21]. These aspects will be considered further in section 2.5. It has been noted that the
brittle nature of the epoxy and its poor bonding characteristics with the fibre surface

are the main factors responsible for the weakness of the (out-of-plane) properties.

As discussed in chapter one, it was revealed that the addition of even a small amount
of CNTs in the matrix can help to enhance the interface properties between CNT-
matrix resulting in improving the overall toughness of the composites. Therefore, the
weak properties of the traditional composite can be enhanced by the introduction of a
nanoscale reinforcement material to the composite components. In particular, the weak
properties of the composite can be improved by adding a nanoscale filler. This could
be carried out by introducing a uniform dispersion of CNT within the matrix or by
impregnating the fibre by deposition of the CNTs directly on the surface or by

combining both approaches as shown in Figure 2.2.

12
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CNT

Figure 2.2: Schematics of the different material structures based CNTSs

Due to the nanoscale size of CNTSs, they can penetrate and distribute deeply in the
narrow zone between the tows of fibre and the matrix. Thus, CNTs hold the potential
to be able to tailor the structural properties and change the micro-scale damage
mechanisms of the composite. The challenges related to embedding CNTs within the
composite structure to create a multifunctional composite still need to be fully

understood. Section 2.5 will explore these issues.

In this section, some of the results and critical issues associated with the development
of smart composite and utilising CNTs to in situ damage detecting in composite

materials.

2.5 Dispersion of CNTs and Consequent Matrix Properties

2.5.1 Incorporation of CNTSs in the Matrix

The embedding of CNTs into the matrix, to produce a smart composite, can be
achieved using the common of manufacturing processes for composites, such as resin
transfer moulding (RTM), prepreging and pultrusion. Adding CNTSs into an epoxy
matrix, with homogeneous distribution, can improve the structural performance due
to both an increase in strength and modulus. For example, Bal [22] prepared

(MWCNTS) with epoxy resin composites by using ethanol as the dispersing agent for

13
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low content (0.2% wt.) of multi-wall carbon nanotubes in the epoxy resin. Optical
microscopy was used to analyse the MWCNTS dispersion epoxy matrix. By varying
the amount of MWCNTSs, the nanocomposite can have variable electrical and
mechanical properties, when compared to using epoxy resin only. This is likely to be
due to the excellent electrical conductivity of MWCNTSs. However, there are some
challenges associated with dispersing the CNTSs in the polymer resin. For example,
potential agglomeration; CNTs have a tendency to remain as entangled agglomerates
when dispersed in the matrix. This makes its difficult to untangle and disperse them
effectively. Agglomeration is due to very strong attractive Van der Waals forces which
exist between the individual CNTs. This issue leads to the non-uniform dispersion of
them within the polymer. Kim et al.[23] used the ultrasonic technique to disperse
carbon nanotubes in epoxy resin. In their experimental work, 0.1, 0.5 and 2 vol. % of
the MWCNTSs were the first dispersed in a methanol-based epoxy solution for 2 hours
using sonication. The sonication processing was then continued for a further six hours
at 35°C in order to fully remove the methanol. All the samples were dried at 50°C for
7 days using a vacuum oven. The SEM images obtained clearly showed the increased
CNTs entanglement in the matrix, with this significantly increasing with an increase

in the CNTSs content.

In addition, a high concentration of CNTs also leads to an increase in the viscosity of
the polymer so creating difficulty in wetting out the fibre during infusion processing.
Therefore, the adding CNTSs to the polymer directly is limited to low concentration
addition of CNTs. Despite these dispersion issues, some promising increases in the
mechanical properties of the matrix have been observed. Gkikas et al. [24] showed the
effect of the dispersion state of MWCNTSs on the mechanical properties of the epoxy

resin. A 3-point bending with single edge notch (SENB) was used to estimate the
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toughness magnitude of the nanocomposite. The results show that after adding 0.5wt.
% MWCNTSs reinforcement, and then using ultrasonic technique with maximum
amplitude (100%) for 60 minutes, the toughness was increased by 95% when
compared with pure epoxy. Besides the mechanical properties, if the CNTs are
uniformly dispersed in the matrix, with good penetration between the fibre bundles,
then the electrical properties of the nanocomposite also improves due to a well-defined
network of CNTs formed inside the nanocomposite structure. This observation is
important to making the nanocomposite electrically conductive so enabling the ability
to sense changes to the extremal applied conditions such as pressure, temperature and

strain using an electrical technique [25].

Previous work and also [26, 27] have indicated that the addition of CNTs to the matrix
materials (resins) can improve their mechanical properties. However, the results
obtained were not fully explored regarding the difference between my mixing methods
and CNTSs type on the mechanical properties of the resin. Therefore, in the context of
the present study some preliminary experimental work was conducted to evaluate
these aspects. The results of this preliminary work are presented here in order to
support the experimental methods which are detailed in later sections of this thesis.
During this preliminary work, an investigation was conducted to determine the
influence of mixing method and CNTSs type on the mechanical properties. Particularly
modulus, tensile strength and fracture toughness. The result obtained are shown in
Figure 2.3. All of the specimens used for this were manufactured an tested by the

author of this thesis.
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Figure 2.3: Mechanical properties of nanocomposites prepared from two types of MWCNTSs and
by two sonicate method.
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From Figure 2.3 it can be concluded that there is a difference between the bath and
probe sonication methods. The probe sonicate showed high mechanical properties
compared to the bath sonicate method and this could be due to the probe sonicate
provide a high-energy wave which helps to improve the mixing than those in the bath
sonicate. It should also be noted that in every case the inclusion of MWCNTSs can also

result in slightly enhanced properties at all concentrations.

2.5.2 Deposition of CNTs on Fibre Surface

As mentioned in the previous section, using a limited concentration of CNTSs in the
matrix can be beneficial. Another method of introducing CNTSs as reinforcement into
the composite exists, this is deposition. Depositing CNTs on the fibre surface, as
shown in Figure 2.4 can help to increase the possibility of using high CNTs
concentration but this needs a new technique to achieve it [28]. Such techniques
include; grafting CNTSs, impregnating CNTs into fibre sizing and electrophoretic
deposition and chemical vapour deposition (CVD). As discussed previously, these
techniques have their own drawbacks and potential benefits. Gao et al. [29] developed
a fibre sizing method for depositing CNTs uniformly onto glass fibre surfaces and then
studied the composites electrical properties and compared them to composites with
CNTs dispersed within the polymer. They revealed that the depositing of CNTs on the
fibre surface can be easily controlled. The measured results for the composite, such as
electrical conductivity, were shown to have improved in the 3D transverse, axial, and

through-thickness directions.
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(a) " (b)

Figure 2.4: lllustration the reinforcement of CNTs through-thickness: (a) fabric with resin only
(b) fabric impregnated by MWCNT-resin [28].

An et al.[30] used the CVD method to prepare vertically aligned CNT arrays onto a
carbon fibre fabric. Their results show that the tensile strength for single fibre was
slightly degraded (=10%) for all different lengths of fibres, whilst the modulus of the
fibre was not been significantly decreased. However, the interlaminar shear strength
(ILSS) for single fibre pull-out tests increased from 65 MPa to 135 MPa (=110%)
when compared to the as-received carbon fibres. Bekyarova et al. [31] used an
electrophoresis method, as shown in Figure 2.5, in which a negatively charged
carboxyl functionalised CNTs was attracted to a positively charged carbon fibre. The
processing was carried out for 2 hours. SEM images revealed that CNTs were
uniformly deposited on the fabric surface as shown in Figure 2.6. The results obtained
following testing of the composite showed a = 30% improvement in the interlaminar
shear strength as compared to the unmodified condition and the out of plane electrical

conductivity was also significantly enhanced.
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Figure 2.5: Deposited CNTs on to carbon fibre surface by electrophoresis deposition method
[31].

Figure 2.6: MWNTS deposited electrophoretically on the composite fibre [31].

However, the above methods are time consuming and costly, therefore they are not

effective for mass production processing. A spraying method is considered a simple
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approach for depositing CNTs on the fibre surface. Zhang et al.[32] utilised a spray
coating method as an effective way to deposit CNTs onto fabric as shown in Figure
2.7. This approach is considered a simple, as well as useful technique, for industrial
scale-up compared to more traditional methods for depositing CNTs within or on the
composite. Using this technique Zhang et al showed, the carbon fibre laminates
fracture toughness (K1c) to be increased by = 50% at low CNT concentrations (0.047
wt. %). This modified composite showed good potential for in-situ damage sensing

during structural health monitoring activities.

Deposited CNT CNTs solution
- s

CNTs spray

Air brusher
Fibre preforms

Figure 2.7: MWNTSs deposited on the composite fibre spray method [32].

In summary, the impregnation of CNTs onto the fibre surface to make a multiscale
fibre composite still faces some significant issues. In spite of these problems, good
results have been reported. However, some researchers have concluded that the
interfacial adhesion between the CNTs and the fibre surface remains as the most

important issue still to be addressed [33].
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2.6 Some Challenges when Incorporating CNTs in Smart

Composites

As previous described, the excellent mechanical, thermal and electrical properties of
carbon nanotubes make them a good candidate material for the fabrication of smart
composites, so providing a variety of scientific and industrial opportunities. To date,
in terms of industrial application, these efforts have mainly concentrated on
incorporating them within the polymer resins, e.g. epoxy, polyurethane (PU) and
polyimide (P1) and other type of the thermoplastic polymers including polystyrene
(PS), polypropylene (PF) and nylon in order to enhanced the composite properties.
The mechanical, thermal and electrical conductivity and other properties have been
studied for a wide range of applications. However, improving the performance of the
composite remains an important goal. Consequently, there remains some issues and
challenges to be met with using suitable CNTs in the composite. These include
controlling CNTSs alignment, effective dispersion, creating path network for electrical
conductivity and the morphological structure of the CNTs within the matrix. In the
next section, some of the critical problems closely associated to the nanocomposite

properties will be considered.

2.6.1 CNT Aspect Ratio

Despite being able to mass produce, and synthesise, CNTs using CVD, arc discharge
and laser ablation techniques, the prepared CNTs do not possess reproducible intrinsic
characteristics [34]. For example, the aspect ratio of CNTs which is considered one of
the most defining properties, is strongly dependent on the preparation method. Aspect
ratio is the important factor that can directly influence the nanocomposite properties
[35]. For example, the load transfer characteristic between the CNTs and matrix can
be maximised by using a suitable aspect ratio of CNTs. In this way, the mechanical
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properties can be improved. Moreover, nanocomposites containing high aspect ratio
CNTs possess a higher tensile strength and modulus when compared to those with a
short aspect ratio and similar filler content [36]. Li et al.[37] also concluded that it was
easier to form electrical networks along the tangled carbon nanotubes in the matrix

with a high aspect ratio of CNTSs.

2.6.2 CNT Dispersion

The potential for good dispersion of CNTs within the matrix, as a reinforcement to
fabricate smart composite, is limited since the CNTs always tend to tangle during the
mixing process. Therefore, CNTs dispersion within the polymer is an important issue
when creating an effective nanocomposite. Good dispersion not only improves the
interfacial bonding zone between the CNTs and the polymer, it also prevents stress
concentration around the CNTs agglomerate points [38]. However, the issues which
need to be overcome include CNTSs length, the viscosity of polymer and the potential
entanglement of CNTs. These need to be addressed in order to obtain a nanocomposite
with uniform CNTSs dispersion. However, it should also be noted that above a certain
concentration of CNTSs, the mechanical properties of the nanocomposite are degraded.
This problem is due to the inhomogeneous nature of the CNTSs dispersion at high
concentrations and the possible bad chemical reaction between the CNTs and the
polymer at these high CNTs concentrations [39]. Functionalising the CNT surfaces

can help to solve the bad reaction issue.
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Figure 2.8: Schematics of CNT functionalisation [41].

In order to obtain a better and homogenous dispersion of CNTs inside the polymer, a
number of different methods have been employed [40]. These methods include, using
ultrasonic waves, ball milling, high shear mixing, etc. In addition, there are two
additional modification approaches that can be used to achieve better CNTs
dispersion. The first method is to modify the CNTs surface i.e. functionalisation as
shown in Figure 2.8 [41]; The functional groups that can be used include hydroxyl,
amino and carbonyl molecules. These methods can improve the chemical interface
reaction between the CNTs and the matrix by generating strong cross-links between
them [42]. However, the functionalising properties can be affected when using some
surfactant chemicals [40]. These surfactants destroy the surface bonds on the CNTs
such that the nanocomposite properties are reduced. The second method is to coat the
CNTs with some non-covalent material such as nickel. This method could increase the
chemical activity, and cross-links, between the CNTs surface and the polymer. Despite
the functionalisation method being able to enhance the mechanical properties it can,
at the same time, reduce the electrical conductivity due to the functionalisation layer

acting to isolate and prevent the ease of electron transfer between the individual CNTs
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[43]. Table 2.2 summarises using different dispersion techniques and their influence

on the mechanical properties of the resulting nanocomposite [40].

Table 2.2 Effect of using different methods to dispersion of CNTs on the flexural properties of
nanocomposites [40].

CNT dispersion technique | Flexural modulus (GPa) Flexural strength (MPa)
Neat epoxy 3.43 £ 0.01 (+0.00%) 140.0 + 2.3 (+0.00%)
Probe sonication 3.47 £0.06 (+1.17%) 142.7 £1.7 (+1.93%)
Sonication in water bath 3.41 £ 0.04 (-0.58%) 144.1 + 1.8 (+2.93%)
Calendaring 3.65 +£0.02 (+6.41%) 145.2 + 0.82 (+3.71%)
Shear mixing 3.36 £ 0.09 (-2.08%) 140.4 + 2.4 (+0.29%)

2.6.3 CNT Orientation

In addition to the CNTs within the matrix dispersion issue, the orientation of the CNTs
in the matrix is another key problem to be considered when developing an effective
nanocomposite. Such a geometric consideration, i.e. the difference between the
random and aligned orientated of CNTSs, can significantly affect the various properties
of the nanocomposite [44]. Sulong et al.[45] investigated the effect of CNTSs
orientation on the mechanical properties of the nanocomposite. They reported that the
mechanical properties such as tensile strength increases with an increase in the degree
of CNTs alignment with the loading direction. In an electrical context, strain
sensitivity is very dependent on the CNTs orientation and alignment. Previous results
revealed that with high CNTs alignment, higher strain sensitivity was obtained [46].
However, it is very difficult to obtain fully aligned CNTSs inside the matrix of the
nanocomposite. There are some techniques available to achieving this, such as using
a magnetic field [47], electrospinning [48], shear flow [49], injection or extrusion [50]

etc. All of these are used to align CNTs within the matrix with the loading direction.
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The degree of orientation of CNTSs in the nanocomposite can also be controlled by
additional factors such as CNT content and CNT diameter. At higher concentrations
of CNTs, this leads to decreases in their alignment due to agglomeration. In summary,
Figure 2.9 and Figure 2.10 show the effect of CNTSs orientation on the properties of
the nanocomposite such as Young's and storage modulu’s. The storage modulus is an
indication of the ability of nanocomposite to store deformation energy in an elastic
manner. This is directly related to the extent of cross-linking. The higher the degree

of cross-linking, then the greater the storage modulus [44].

Experiment: Random orientation
Experiment: Parallel to alignment
Prediction: Random orientation
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Figure 2.9: Young’s Modulus of nanocomposite as a function of CNTs content
and orientation [44].
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Figure 2.10: Storage modulus of nanocomposites as a function of CNTs
content and orientation [44].
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2.6.4 Interfacial Zone Issues between CNTs and Matrix

Achieving a strong interfacial bond between CNTs and matrix due to an enhanced
effective load transfer mechanism is another challenge to be considered. The load
transfer from the CNTSs to the matrix depends on three mechanisms. The first is the
bond strength of the weak van der Waals force between the carbon nanotubes and the
polymer .The second is the chemical bond strength between CNTs and polymer. The
third is the micromechanical interference between the CNTs and the matrix as shown
in Figure 2.11 [51]. This interference may be insignificant in the CNT/polymer
nanocomposites when the nanotubes have a smooth surface. For each of these three
mechanisms, it is possible to improve the load transfer between CNT and matrix by
using different conditioning solutions [9]. For example, using small CNT, it is possible
to put their surfaces into very close contact at the interface. This will improve the van
der Waals bonding. In addition, treating the CNTs surface chemically and physically
i.e. functionalisation significantly enhance the interfacial contact region between
CNTs and the matrix [52]. In terms of interference between the CNTs and the
polymers, the presence of CNTs can be enough to block, and prevent, the movement

of polymer chains as well as helping to propagate micro—cracks [53].

Figure 2.11: SEM of micro-cracks linked between CNTs and matrix [51].
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2.6.5 Electrical Properties of CNTs

CNTs have another important property, that is their good electrical conductivity,
which allows easy electron transfer between individual CNTs without dragging from
impurities and other energy dissipating features [7]. The electrical conductivities of
most nanocomposites based on CNTs are in the range 5-10 Sm™ [54]. For epoxy resin
containing CNTSs, electrical conductivity is possible even at very low CNTs content
[55]. This is due to the development and appearance of suitable conductive pathways
at specific CNTs concentration threshold levels [56]. Below this threshold, a network
of conductive pathways does not exist. While above it, effective conductive pathways
are formed which facilitate the easy electron transfer through them. However, there
are some factors which can affect the electrical conductivity of a smart composite. For
example, modification of CNTs usually reduces the electrical conductivity of the
nanocomposite, even if there is a good dispersion within the matrix. In general, the
electrical conductivity of a smart composite is considered to be the key factor for
sensing any damage (fracture events) occurring in the composite. Therefore, in the
following section a brief description of the type of damage, which can occur in a smart

composite, is considered.

2.6.6 Crack Types in Polymers and Composites

Most types of composites are subjected to environmental and mechanical loading
during their manufacture, when in storage or during their service life. This can create
and form micro-cracks or other forms of damage in the composite. Moreover,
environmental conditions such as changes in temperature, pressure and chemistry can
also help to cause and form cracks. This type of damage in the composite can cause
serious issues such as delamination and debonding and as a consequence, catastrophic

failure can occur. Figure 2.12 [57] shows the different types of cracks, which are
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predicted to occur in a composite. Cracks in the composite are considered more
complicated than those are in the traditional materials. This is due to failure
mechanisms in the composite such as of matrix fracture, debonding at the fibre matrix

interfaces and fracture of the fibres themselves.

@ Surface Cracking @ Delamination Cracks
@ Transverse Cracking @ Microcracks
@ Crack opening

Figure 2.12: Types of cracks in the composite [57].

Some studies [57] have suggested failure models for a nanocomposite system in which
an indicated micro-crack can penetrate the polymer matrix and reach the reinforcing
fibres. If the fibre in the composite adheres well to the polymer matrix, the matrix
micro-cracks are stopped by the adjacent fibre. However, if the load is increased, then
the micro-cracks can pass around the fibre and continue to grow. The availability of
CNTs helps to maintain a good interfacial bond. However, possible fibre interfacial
shearing forces can cause debonding so facilitating further micro-crack growth. As a
consequence, fibre fracture and breakage will occur at the weakest point inside the
nanocomposite material. The total failure of the nanocomposite takes places when all

the fibres are broken. The formation of internal micro-cracks in a normal composite is
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often difficult to detect. Therefore, expensive non-destructive methods are usually

necessary to detect the cracks in the composite.

2.7 Current Damage Detection Systems for Composite Materials

Recently, a number of non-destructive methods have been developed and are now
widely used to detect micro-cracks in composites [58]. More detail of these will be

considered in the following sections.

2.7.1 Visual Inspection

This technique is considered to be simple and practical since it only uses the naked
eye for inspecting. This method has been used widely in many fields such as energy,
aircraft and so on to detect obvious structural damage. In this method, the surface
should be illuminated and clean enough to get better results. However, the method is
limited to the inspection of the surface only [3]. Relying on human judgment can also

be prone to error, when damage is missed during inspection.

2.7.2 Strain Gauge Method

A strain gauge can be defined as a piezoresistive metallic gauge. A strain gauge can
only be fixed on the structure surface, otherwise, it will form a defect if embedded
inside the composite. The gauge measures the change in the resistance across the
gauge length when the surface displacement, which can lead to damage, occurs. This
testing method is also simple and relatively inexpensive with easy data acquisition.
This is the main benefit of using the strain monitoring method. However, because of
size limitations, this technique required many strain gauges since each gage can only
cover a small area of the composite structure. In addition, the maximum gauge factor
developed will not exceed 2.1 and gauges are known to have poor sensitivity to micro-

cracks [59].
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2.7.3 Acoustic Emission

This technique is a non-destructive method in which the sensor (piezoelectric type) is
embedded or bonded in the structure. Its working principle depends on the release of
energy waves when the structure is dynamically loaded. The piezoelectric sensor will
pick up the surface vibrations and filter them to give an acoustic emission signal. With
this technique, matrix cracks, delamination and fibre fracture, can be readily detected.
However, the signal may be affected (attenuated) by the presence of electromagnetic
interference signals (EMI) caused by neighboring devices. Consequently, a
degradation in the performance results. As a consequence the result will be not very

accurate [3].

2.7.4 Optical Fibre Technique

This type of sensor can also be embedded in structure or attached to its surface. Fibre
optic sensor are able to provide strain measurement data along the structure, including
micro-crack formation. Therefore, this type of sensor is very useful for structural
health monitoring. Figure 2.13 below shows the results obtained when optical fibre
sensors are embedded in a 200x200 mm composite laminate plate. The sensors
covered all the composite area in order to predict the strain changes occurring across
the plate when it was subjected to a load. The visual results obtained show that the
optical fibre technique is a very effective method for measuring the strain, since the
optical fibre inside the composite laminate can detect, and show, barely visible impact
damage. The strain map produced in this way is representative of the state of the

structure. This is clearly seen by the red peaks in Figure 2.13 [60].

30



Chapter 2

— gl B

W

- T T A o = —— T TN
4 i = u ) - a N

Figure 2.13: Strain data due to cracks initiation in composite plate [60].

Although it is a useful sensor, still some limitations exist when using an optional fibre
sensor to observe strain changes in structure. These are due to the brittle nature of
fibres. In addition, a large number of optical fibres would be needed to detect the
damage in a large structure. Consequently, this make the technique quite costly. The
next section outlines a new technique which has the potential to overcome the

aforementioned concerns and issues.

2.8 Impact Damage Assessment in  Composites containing

MWCNTSs

Polymer matrix composite materials have been widely used in various important
industrial sectors such as aerospace, oil and gas energy and military applications due
to their lightweight, high strength to weight ratio and anticorrosion properties [61].
However, their behaviour under sudden loading, such as experienced during impact,

is considered one of the major issues to be overcome [62]. Since the point of impact
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failure could be previously initiated during the composite manufacture, during
maintenance or during assembly operations or during its service life, then it is
important that such damage can be identified. If this is not done then catastrophic
failure is possible. Previous studies [63-65] have reported that the main consequence
of impact is usually matrix cracking, fibre fracture or delamination. These failure
mechanisms will reduce the structural integrity and strength, so putting the structure
at risk. Therefore, one of the critical challenges to keeping structurally important
components functioning correctly is their ability to sense damage whilst in-service.
This issue is important for predicting the remaining service life of composite

components as well as to avoid a sudden catastrophic failure.

Currently, there are many techniques for damage evaluation which can be employed
to assess the degree of damage in a composite. For example, X-ray [66], eddy current
[67], thermography [68] and ultrasonic [69] techniques. These methods are not in-
service inspection techniques and are often slow to evaluate the damage and to target
when the component should be taken out of the surface for inspection as well as
replacement. The practical real-time detection, damage location and its quantification
in a large composite structure before a sudden failure event is very time consuming.
Therefore, other techniques and sensors have been developed to sense the damage in
a composite structure during loading. For this, fibre optic [70] sensors and
piezoelectric sensors have been used [5]. However, these methods and others [71]
affect the performance of the structure and need a large number of attached sensors to
the surface of the structure, as well as having them embedded them within the
composite itself. These attachments can create additional pre-cracks, or other defects,

which initiate failure.
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Therefore, there is an urgent requirement to develop a new method (non-destructive)
to detect and sense the damage in composite materials at the moment of impact or
failure. The use nanotechnology could provide a possible solution for sensing issues
in current non-destructive methods through manufacturing smart composites or so
called “’self-sensing’’ composites [72]. To achieve this, carbon nanotubes (CNTS)
could be used as a multifunctional additive to the glass fibre composite in order to
make it a self-sensing composite. Since CNTs have superior mechanical, electrical and
thermal properties [73, 74], then incorporating them as a nano-filler conducting
material, even at low content into a resin matrix, will help to form electrically
conductive networks around the fibres within the composite structure. When the glass
fibre nanocomposite is subjected to an external load, the CNTs conductive networks
will deform and if the load is further increased, cracks in the matrix will initiate. These
cracks will destroy the CNT conductive networks configuration and as a result, the

electrical resistance of the nanocomposite will change as a piezoresistive effect.

Recently, the piezoresistive properties of glass fibre nanocomposite were utilised to
assess both microstructural and deformation damage using changes in the electrical
resistance concept [75]. Many studies can be found about the self-sensing composite
behaviour after impact loading. For example, Naghashpour et al. [76] added Multi-
Walled Carbon Nanotubes (MWCNTS) to the matrix a glass fibre laminate composite.
They demonstrated that electrical resistance measurements through the glass
fibre/epoxy/ MWCNTs composite thickness are affected when the composite is
subjected to load. Gao et al. [75] dispersed CNTs in epoxy resin to make them a
nanocomposite matrix in a glass fibre laminate composite. The samples were subjected
to impact loads and they reported that the electrical resistance of the composite

increased with increases in the impact energy. Monti M et al. [77] employed
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MWCNTSs as a filler in the epoxy matrix of a composite containing glass fibre in order
to make the matrix electrically conductive. A low-velocity impact was then applied to
the surface of the composite samples. The results showed that the nanocomposite is
able to provide an electric signal when subjected to impact due to changes in the CNTs
networks sustained during damage impact. Arronche et al. [78] used 0.5 wt.% of CNTs
to make the epoxy resin electrically conductive. The modified resin was added to the
woven glass fibre fabric to obtain a self-sensing composite. The electric resistance was
measured before and after an impact test. The results showed that at very low impact
energies, the electric measurement device is not able to detect the damage caused by

the impact.

2.9 The Electro-mechanical and Temperature Dependent Behaviour

of Composites contaning MWCNTSs

CNTs possess excellent mechanical, electrical, electronic, optical, chemical and
thermal properties which, when combined with their very high aspect ratio and large
surface area, have made them an excellent candidate for smart composite materials
[79-82]. In this context CNT reinforced composite materials have been investigated
for smart composite applications such as for gas detection [83], structural integrity
self-sensing [6] and actuators [84]. Unlike conventional materials, CNT reinforced
composites have many advantages such as being relatively light in weight, having
good corrosion and water resistance, and with the potential for self-sensing
applications. For example, Ku-Herrera et al. [11] studied the strain sensitivity of
nanocomposites containing a small concentration of CNTs. They found that the
mechanical properties of the nanocomposite were improved during compression

testing reaching a maximum value, in terms of gauge factor, at 0.3 wt.% MWCNTSs

34



Chapter 2

content. Ayatollahi et al. [35] investigated the effect of adding MWCNTSs on the
mechanical and electrical properties of a MWCNTs/epoxy nanocomposite. They
found that both of the mechanical and electrical properties were improved, especially
for a 1.0 wt.% addition of MWCNTSs. The strain sensing capability of CNT
nanocomposites is considered to be a key requirement for future structural health
monitoring techniques and applications. Thus, these nanocomposite materials, being
lightweight and having good strength, stiffness and anti-corrosion properties, show a
lot of potential for this type of application, viz. structural health monitoring, in the oil
and gas industries. Here safety is paramount and potential failure must be monitored
continuously. Consequently, this incurs high installation, calibration and maintenance
costs. To overcome these problems and requirements, some studies have tried to
develop novel self-sensing nanocomposites for these types of applications [11, 85-88].
Bouhamed et al. [81] fabricated a MWCNT/epoxy nanocomposite and focused on the
behaviour of the nanocomposite under strain applications. The results showed that a
higher change in resistance occurred at low CNTs concentrations. In addition, Dinh et
al. [89] investigated the behaviour of adding MWCNTSs to epoxy when fabricating a
self-sensing nanocomposite structure. They found that for an applied and changing
cyclic pressure, the electrical resistance of the structure increased with increasing the
pressure and decreased with decreasing pressure. At room temperature, the

nanocomposite structure remained stable and showed excellent reproducible results.

Shen et al. [82] studied changes in electrical resistance of self-sensing CNTSs in an
epoxy nanocomposite during compression testing. They observed that when the
compression load increased the electrical resistance of the nanocomposite decreased,
so indicating that it exhibited a measurable piezoresistive effect. However, these

researches did not consider the possible temperature dependent behaviour of the
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nanocomposite during the cyclic compression testing. This omission leaves a gap in
our understanding of the phenomena since we know that when the temperature
increases, so the stiffness of the combined matrix and CNTSs is likely to decrease.
Under these conditions the electrical resistance of the CNTs themselves will also

decrease [90]. The extent of these changes remain largely unknown.

2.10 Damage Sensing in Composites containing MWCNTSs during

Anticlastic Bending

Due to their laminate geometry, the mechanical properties of fibre reinforced
composites are relatively low in the out of plane direction, particularly their
interlaminar shear strength. In addition, due to the use of discrete layers of
unidirectional or woven fibres that are impregnated with epoxy, micro-scale cracks
can form during loading and this can facilitate delamination, interfacial debonding,
fibre breakage and matrix fracture [91]. Therefore, the mechanical properties in the
interfacial zone are crucial to the transfer of the load easily from the matrix to the
reinforcing fibres. Recently, it has become important to be able to fabricate new strong
multifunctional composite, such as smart composites or self-sensing composites,
which can form part of a structural health monitoring (SHM) system. Strain gauges
and optical fibre have been previously used for this purpose to detect damage when
the composite is loaded or stressed. However, embedding these types of sensors into
composite laminates could can themselves lead to the creation of a pre-crack or region
of stress concentration, inside the matrix so creating an additional interface will make
the composite weak in use [92]. Many researchers [3, 93-96] have tried to fabricate

these multifunctional composites by embedding nanofillers within the matrix. Carbon
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nanotubes (CNTSs), which were discovered by lijima [97], are the one of these fillers.
They have good mechanical, electrical, thermal and flame-retardant properties [21, 52,
81, 98]. The use of CNTSs even at low concentrations have been seen to improve the
mechanical properties and strain sensitivity of a composite material [11]. Kathi et al.
[99] studied the addition of 0.2% CNT to epoxy resin and the results showed that there
IS an approximate 18% improvement in flexural strength over the untreated epoxy.
Kim et al. [100] reported that the addition of 2.0 wt.% of CNT to a CF/epoxy
composite resulted in 42% and 6% increments in flexural strength and flexural
modulus, respectively. Additionally, Fan et al. [101] also investigated adding 2.0
wt.% of MWCNTSs to reinforce a glass fibre/epoxy composite and found a 33%
increases in the interlaminar shear strength of the resulting composite. Moreover,
CNTs not only improve the structure properties but can also be considered as a nano
sensor which can be used to detect damage initiation. The main advantage of such a
self-sensing technique is that all the original mechanical properties of the structure are
protected viz. there are no stress concentration effects, whilst micro internal damage
can quickly be sensed and monitored before full development into failure [102, 103].
Other studies have also embedded CNTs into the matrix to fabricate self-sensing
composites, which were tested these under different loading conditions, such as tensile
[104], bending [105], fatigue [106] and impact [78]. It is well established that carbon
fibre/epoxy composite laminates can be damaged easily during normal use due to
stress and other environmental factors. The generation of damage and its
accumulation, in composite materials will also lead to an acceleration of the ageing
process in the material [107]. Consequently, a serious reduction in the lifetime, and

the resistance to harsh environmental conditions, could lead to catastrophic failure.
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2.11 The Drift Properties of MWCNTs in Composites during

Manufacture

Uniform filler dispersion in a self-sensing composite is very important to improve the
mechanical properties when the composite structure as well as to get reliable electrical
resistance values when the structure is being exposed to external loads [108].
Therefore, such improved mechanical and electrical properties are essential to keep
the smart composite functioning even after being subjected to changes in operating
conditions where high static and cyclic loading and temperature variations may be
encountered. To overcome these potential problems, it may be necessary to improve
the strength and toughness of the composite by incorporating additional strengthening
materials, but without affecting the weight of the composite. Carbon nanotubes have
been widely used in this role as a nanoscale filler to reinforce a number of different
composites in order to create a self-sensing, and strong, composite. Such a response
can be achieved since CNTs possess excellent mechanical, electrical, optical and
thermal properties [86, 109-113]. This unique combination of electrical and
mechanical properties, in addition to their morphological features (high aspect ratio
and nanoscale), have made them an excellent candidate material for this purpose. To
use CNTs in this way, they must somehow be incorporated into the fibre composite.
This can be achieved in two ways; (i) by adding the CNTSs directly into the resin matrix
material and (ii) by impregnating the surface of fibre with the CNTs in order to
improve the mechanical properties in that region as well as to make it electrically

conductive.

With regards to the matrix modification technique, Chang [114] studied the
mechanical properties of GFRP/epoxy composite laminates with embedded Multi-

Walled Carbon Nanotubes (MWCNTS) and compared the results obtained with the
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unmodified composite. His results showed that a significant improvement of the
mechanical properties of the composite was achieved, especially with regards to the
flexural and impact strengths, which increased by 22.1 % and 44.3 % respectively,
when compared with the unmodified GFRP laminate condition. Liu et al. [115] added
CNTs to epoxy resin in order to develop a smart nanocomposite material. The results
they obtained showed a good improvement in the Young’s moduli (E) which increased
by 62.6% (from 2.5 GPa to 6.69 GPa). The material also displayed a good response to
strain, generating a gauge factor of about 2.68. However, significant agglomeration
issues were observed, caused by adding a high concentration CNTSs, so increasing the
viscosity of the matrix resin and this issue is also observed by other study as well
[116].

This processing problem remains the major challenge that has yet to be fully
addressed. In addition, using a large quantity of CNTs during the fabrication of a large
component or structure will markedly increase the manufacturing cost. Coating the
fibre surface with CNTSs, as suggested here, could significantly reduce this cost
penalty. Several approaches have been employed to directly coat the composite fibre
surfaces instead of adding them to the resin matrix. These methods include direct
growth [117], electrophoretic deposition (EPD) [118], dip coating [119] and spray gun
lay-up [94]. All such methods have successfully deposited the CNTs onto the fibre
surface and have improved composite properties. For example, De Greef et al. [117]
deposited the CNTSs directly on the fabric surface using a chemical vapour deposition
(CVD) technique in order to strengthen the weak interface region between the fibre
and matrix. The obtained results showed improvement of the composite properties.
Deng et al. [118] used electrophoretic deposition (EPD) to embed the CNTs on the

fibre surface. Their study, using scanning electron microscopy (SEM), showed surface

39



Chapter 2

roughening of the reinforcing fibres so leading to a change in the fibres, natural surface
morphology. This method enhanced the interlaminar shear strength (ILSS) of the
resulting composite by 60.2%, when compared to normal processing. In general, the
main purpose of these fibre surface treatments is to eliminate the outer surface layer
of the fibre, which is often seen as a weak region, so increasing the reactivity of the
reactive groups at the interfacial surface region [55, 120].

However, the mechanical stability of MWCNTSs on the surface of fibre has yet to be
fully understood. Most researchers have concentrated only on the nature of the
deposition of MWCNTSs onto the fibre surface without fully exploring the changes to
both the mechanical and electrical sensing properties of the resulting glass

fibre/MWCNT/epoxy composite.

2.12 Using CNT as a Sensor for Damage Detection in a Smart

Composite

As discussed previously in the introduction, composite materials are now used in
various important industrial sectors due to their good mechanical properties. However,
a composite can be very sensitive to various types of damage such as matrix cracks,
fibre fracture, debonding, delamination and so on. Therefore, during a structure’s
service life, many of its parts need evaluation, and regular inspection, in order to
monitor their health and to prevent sudden failure. To meet these concerns there is a
need to develop a new method to detect the damage in the early stages of failure. The
damage in the composite materials usually starts as a matrix micro-scale crack or by
delamination. Matrix damage can happen even at very low strain levels, and this can
lead to catastrophic fracture. As a result, the durability of the structure will reduce.

Although, non-destructive methods are available to predict the damage in the initiation
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stage, these still need further improvement. This requirement is essential for service
life prediction. Employing the electric resistance principle for composites containing
fibres has been shown to be one of the most promising ways to detect damage when a
structure is subjected to dynamic or static loading [121]. In this method, as applied to
carbon fibre composites, the inherent electrical conductivity of the fibre can be
affected by the applied load on the structure. Therefore, the influence of fibre is more
dominant, in terms of damage, when compared to the matrix. However, this purpose
is considered to be insufficient where the damage initiated in the matrix rather than
the fibre as shown in Figure 2.14. This gap between fibre and damage site promotes a

sensitivity issue.

\

Fibre

Gap

/
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Figure 2.14: Sketch showing a matrix crack in composite.

In this case, since the fibre will not break, there will be no change in the electric
resistance of the fibre. The possible solution to this problem is to make the matrix

conductive by embedding high electrical conductivity fillers such as CNTs.

Some researchers have studied using CNTs as an embedded sensor material within the
composite. For example, Thostenson et al.[105] embedded CNTSs in epoxy resin as
distributed sensors in order to evaluate the damage in the glass fibre/epoxy composite
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laminate. Their results showed that when the load increased the resistance also
increased. It then increased further when cracks began to initiate inside the matrix.

This is shown very clearly in Figure 2.15.

10000 LN . ] T T [ T T T ] L f‘ 400
[ 1 350
8000 |- ] A
_ 130 &
] 0
| 1250 &
Z 6000 ' ] =
= Delamination ! ] 200 P
','g [ Extension ! E g
o 4000 - : J1s0 B
I ' ] Q
! 1100 @
2000 |- | ] 2
I ] —
Delamination ! E 50
- Initiation ] b
0 ——rT T bl el T e N 40
[}

0 05 1 15 2 25 3 35 4
Displacement (mm)

Figure 2.15: Load-displacement vs resistance curves for composite [105].

Nofar et al.[122] employed MWCNTS in the matrix as sensors to predict the damage
and to monitor the degradation of the composite’s mechanical properties. They
subjected glass fibre/epoxy composites to cyclic fatigue and tensile loadings. They
reported that when the cyclic and tensile load increase, the observed changes in
resistance would increase in size when failure in the composite occured. Moreover,
during cyclic loading, the normalised change in resistance showed a high degree of
sensitivity to the location of the crack. Kim et al.[58] dispersed a low concentration of
CNTs in the matrix of a 3D braided composite to study the mechanism of the damage
during applied loading. They reported that, during the tensile testing, piezoresistive
behaviour was observed. In addition, when the CNTs" conductive networks were
disrupted, the change in the electrical resistance altered in a non-linear manner, due to

the developing strain increasing the inter-particle spacing.
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Figure 2.16 shows the crack propagation in the matrix and leading to the break up of
the CNTs network. This distortion in the CNTs network formation causes an increase

in the electrical resistance [123].

Figure 2.16: SEM image showing the microscale crack in matrix contains CNTs [123].

As mentioned above, especially as seen in Figure 2.14, the cracking can occur in the
matrix but it does not reach, and so break, the fibres. In additional, with the exception
of carbon fibres, the other types of fibres, such as glass fibres, do not electrically
conduct and are therefore unable to sense the damage when the composite is subjected
to an external load. Therefore, some studies solved this issue by coating the fibre with
the CNTs instead of adding them to the matrix. Gao et al.[124] applied MWCNTSs to
composite containing glass fibres as the reinforcement material. The MWCNTS were
deposited onto the surface of the glass fibre by dipping the glass fibre into MWNTS
dispersion for 15 mins. They reported that, the glass fibres composites containing
MWCNTSs exhibited better electrical properties. They also had a lower electrical
percolation threshold. Here, the interfaces between the glass fibre and the matrix were
considerd to act as an in-situ multifunctional sensor. Alexopoulos et al. [25] embeded
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CNTs fibres on the surface of the glass fibres and between the composite layers of a
fabricated structural composite. The CNTs were firstly stabilised with sodium dodecyl
sulfate surfactant (SDS) and then the solution was deposited on the surface of fibres.
When the structure was subjected to different types of loading such as tensile and
compression, the results showed that after the stress was applied, changes in the
electric resistance were observed. They also calculated the accumulated damage in the
modified composite and were able to correlate this with the change in the electrical

resistance.

2.13 Summary and Concluding Comments

In summary, most studies have concentrated on how to use CNTs within the composite
to tailor the electrical and mechanical properties. The introduction of a small amount
CNTs in the composites can form an electrically conductive network, which could
render the composite capable of sensing damage for structure monitoring purposes.
Different types of manufacturing methods were used to prepare the nanocomposites.
Table 2.3 summarises, with references the type of damage and detection possibilities

for a smart composite which has been fabricated via typical manufacturing methods.

Table 2.3: Summarises studies to explain the effect of using different types of CNTs under
different manufacturing methods on the damage sensing results.

. CNTs type Damage type
Cor:npc;sﬂe and Processing type (detection Typical results
yp location aim)
GF/epoxy 0.3wt.% . procg);z(;l:ion S?Jl:c-gzsrllﬁ\llli/
MWCNTSs Calendering : . L o
[106] . during tensile | identified damage
in epoxy . i
testing propagation
SWCNT-coated
SWCNT Micro-crack glass fibre have
GF/epoxy coated Spra initiation provided in-situ
[125] surface of pray under tensile sensing of
GF testing the deformation
under testing
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GF/epoxy
[132]
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growth on
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Embedded fibre

Damage
sensing under
tensile testing

A potential using
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as a strain sensor

With regards to the matrix resin properties, it can be concluded that;

) The addition of MWCNTSs to the matrix resin has a small but measurable

affect on modulus, tensile strength and fracture toughness (K1c).

i) Probe sonication is the most effect method for dispersing the CNTs in the

resin matrix and shows better works than bath sonication. This

experimental method will be used in the later section.

However, the uniform distribution of CNTs and the processing to embed them in the

matrix and on the fibre surface still the main issues to be overcome, especially for

industry scale mass productions.
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Chapter 3

Materials and Experimental Techniques

This chapter discusses the experimental work conducted to fabricate and characterise
of the self-sensing nanocomposites material under different preparation conditions.
However, to achive this, this study required an accurate calculation of the various
parameters necessary for specimen preparation in addition to the actual testing. The

challenging issues to be overcome during sample preparation were as follows:

1. Selection of an appropriate matrix material

2. Selection of suitable type of carbon nano tubes for conductivity and reinforcement

3. Selection of an effective type of solvent for dispersion of the CNTs

4. Selection of the wt.% of CNTSs in the epoxy matrix

5. Selection of a good and effective dispersion technique

6. Selection of a suitable composite preparation method for laminate samples as well
as the casting method for nanocomposite samples. This includes choosing material,
size, shape and casting mould material. Morovere, selection a suitable release agent
and casting conditions was also needed.

7. Finally specimen preparation prior to testing

In addition to the above isses, the testing methods also involved the selection of
various test parameters such as: (i) Selection of test cross-head speeds and (ii) Number
of test samples for each type of test to obtain good set of accurate results for the
nanocomposite properties being measured. The sections which follow describe these

aspects.
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3.1 Impact Damage Assessment In Composites containing

MWCNTSs

3.1.1 Experimental Methods
3.1.1.1 Materials

To fabricate the MWCNTSs-glass epoxy i.e. (MWCNTs-GE) nanocomposite, the
MWCNTSs, as shown in Figure 3.1, and as produced by chemical vapour deposition
(CVD), were added to the epoxy resin. The average length and average diameter of
these MWCNTs were 50 um and 5-15 nm respectively. The purity of MWCNTSs
obtained from Research Nanomaterials Inc, USA was > 95% and their specific surface
area was ~ 233 (m?/g). The glass fibres used were plain woven 290 g.m in mat form.
The epoxy resin used was a slow cure time type EL2, with its hardener (AT30). Both

materials were supplied from the same company, (Easycomposites, UK).

e
X 20,000 15.0kV SEI

Figure 3.1: SEM image of as-received MWCNTSs.
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3.1.1.2 Preparation of MWCNT-GE nanocomposites

In the as received condition, MWCNTSs usually exist as an agglomerated mass.
Therefore, to disperse them, a pre-calculated weight of MWCNTSs was added to a 50
ml of high purity organic acetone in a clear beaker. Sonication, using a high-intensity
ultrasonic probe (BR-20MT-10L, 1000W), was then carried out for 10 minutes. The
MWCNTs/acetone mixture was then mixed with the required amount of epoxy resin
and the solution was further sonicated again for 20 minutes using a pulse mode of 40
seconds on 20 seconds off. The beaker was kept in an ice bath in order to prevent the
mixture from overheating. Following this, the solution was placed in an oven for 2
hours at 60 °C to evaporate the acetone. The hardener was then added to the mixture
at a ratio of 100:30 (epoxy: hardener) by weight. During these procedures, there is a
probability that air can be trapped within the nanocomposite. Therefore, these bubbles
must be removed to prevent voids occurring inside the composite layers which will
affect the properties of the structure. Hence, the mixture was degassed for 20 minutes

to remove all the air bubbles.

The mechanical properties of a MWCNTSs-GE nanocomposite depends directly on the
geometry of the laminates, especially the thickness. Thus, according to the British
Standard BS EN 1SO 14125 (1998-2011), the thickness of the samples should be 2
mm. Therefore, 10 layers of glass fibre fabric with 120 g of nanocomposite were used
to obtain a 2 mm thick MWCNTs-GE nanocomposite laminate. Hand lay-up steps
were used to place the nanocomposite between the laminate layers using a roller. After
completing the lay-up process with different MWCNTSs contents i.e. (0 %, 0.5%, 1.0%,
1.5%, 2.0%), all of the laminates were placed inside a vacuum bag for 24h at room

temperature to draw out any residual trapped air and excess resin. Finally, the cured
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panels were post-cured at 60°C for 15 hours. Processing in this manner resulted in

fully consolidated flat rectangular test panels.

3.1.2 Characterisation

3.1.2.1 Low-Velocity Impact Testing

The aim of these tests was to cause damage in the self-sensing composite panels whilst
trying to understand the behaviour of the self-sensing composite during and after
impact. The impact tests on the self-sensing composite samples were performed using
a drop-weight impact method as shown in Figure 3.2.

Arduino system
Y

Impactor

P MWCNTSs-GE specimen

Potentio

-meters Fully insulator support

Figure 3.2: Schematic layout of the impact test of self-sensing MWCNTs-GE composites..

Flat rectangular specimens were used for this. These were cut from laminate panels
with the dimensions of 100x50x2 (mm) using a diamond saw. Each sample was
securely clamped to a supporting frame and then impacted exactly at the centre of the
sample. The steel impactor head was hemispherical in shape with a diameter of 16
mm. A round head was used to minimise penetration of the sample. All samples were

modified by additional of 0, 0.5 1.0, 1.5 and 2.0 wt.% of MWCNTSs respectively. The
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impact energies used were 12J, 24J and 36J. These energy levels were used to prevent
the specimens fully breaking. The initial impact velocities (vi) were calculated from
the height from which the steel impactor was dropped onto the sample surface. In
addition, in order to calculate the rebound (vr) velocities, the tests were recorded using
a high speed camera type (Sony RX10 I, Japan) which could capture 1000 images per

second. The details of the low-velocity impact tests are shown in Table 3.1.

Table 3.1: Low-velocity impact test parameters

Drop Drop mass | Impact energy | Impact velocity No. of
height (m) (kg) @) (m/s) samples
0.5 2.44 12 3.13 4
1 2.44 24 4.43 4
1.5 2.44 36 5.43 4

3.1.2.2 Flexure After Impact (FAI) Testing

The post-impact strength of all impacted samples was evaluated using a three-point
flexural test method, under static conditions on a universal testing machine (Instron
5582/UK195). The flexural load was applied with a constant crosshead speed of 2
mm/min with a span distance of 70 mm. The flexural stress and strain which occurred

in the specimen when loaded can be calculated using the following equations:

3P, 1
£ = 2Wi[2 (31)
g = (3.2)
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Where, Ps is the applied flexural force. |, w, t and h are span length, width, sample

thickness, and maximum deformation respectively.

3.1.2.3 The Electrical Resistance Measurement

The electrical resistance of all the self-sensing composite samples was measured
without any load using a two-point probe technique at room temperature. A digital
multi-meter type (Keithley 6517B, USA) was used for this purpose. In order to reduce
(i.e. minimise) the contact resistance between the sample and the tip of the probes, the
opposite ends of the specimens were painted with a high purity silver paint. Following
this, two copper electrodes were fixed at these positions on the samples to ensure good
electrical contact. The in-plane electrical conductivity of the samples was then

estimated from:

o=— (3.3)

Where L is the sample length and R is the electrical resistance and A is the cross-
section area of the sample. Regarding the electrical resistance measurement during
the impact test, due to the very short impact time period (in milliseconds), an Arduino
system was used to record the obtained resistance data in milliseconds. The Arduino
system is an open-source electronics platform based on easy-to-use hardware and
algorithm software. The hardware features an open source hardware board designed
around a 32-bit microcontroller. Current models have a USB interface, 14 digital
output pins and 6 analog input pins that gives an allowance to user to attach various

type of extension monitoring boards.
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3.1.2.4 Scanning Electron Microscopy and Raman Spectroscopy Analysis

The distribution of MWCNTS in the matrix was examined using scanning electron
microscopy (JEOL JSM-7001F, Japan) operating at 15 KV. To assist visualisation the
specimens were coated with a thin film of gold by sputtering. After flexural testing,
the broken specimens were also sputtered with gold using (model QUORUM-
Q150TES, UK) for 12 minutes so that the MWCNTs morphology could be clearly
observed. Raman spectra for the prepared MWCNTs-GE nanocomposite specimens
were recorded at room temperature using a Raman Microscope. An excitation
wavelength (514 nm) in the range of 1000-3000 cm™ was generated from a diode laser,
with power approximately 100 mW, on the sample surface. Positions, intensities and
the calculation of ratios between intensities of the bands were obtained using
Lorentzian routine functions fitted to the Raman raw data. Raman Microscopy is a
spectroscopic technique typically used to determine the vibrational modes of
molecules, although rotational and other low-frequency modes may also be observed.
It is commonly used during chemical analysis to provide a structural fingerprint by
which molecules can be identified. During Raman microscopy a laser light interacts
with molecular vibrations, phonons or other excitations in the system. This results in
the energy of the laser photons being shifted up or down. The shift in energy gives
information about the vibrational modes in the system, so identifying the molecules

involved.

3.1.2.5 Statistical Results Analysis

Statistical analysis of the experimental data obtained after impact testing was carried

out using SPSS version 23.0 software (SPSS Inc., Chicago, USA). The one-way
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ANOVA method was chosen to calculate the P-value and other statistical parameters.
The P-value is statistically defined as the probability against the null hypothesis (i.e.
the suggested criterion does not have a high significant effect in terms of the
quantification data). The p-value is used as an alternative criterion to rejection to
provide the smallest level of significance at which the null hypothesis could be
rejected. A smaller p-value means that there is stronger evidence in favour of the
alternative hypothesis. In this study, differences were considered to be a statistically

significant only when p-values < 0.05.

3.2 The Electromechanical and Temperature Dependent Behaviour

Of Composites contaning MWCNTSs

3.2.1 Experimental Procedures

3.2.1.1 Materials

MWCNTS (described in section 3.1.1.1) were used as a filler to make a nanocomposite
material. The matrix material used for the specimen preparation was a low viscosity
epoxy resin type (IN2 Epoxy Infusion Resin) combined with a hardener (AT30 slow).
Both were supplied by Easy Composite (Staffordshire, England, UK). After mixing,
the viscosity of the matrix resin was 200-450 mPa s at room temperature. In its mixed
state, at room temperature, the epoxy resin has a pot life of 80 — 100 minutes. The
solvent used during manufacture was high purity of acetone (> 95%) supplied by

Acros Organics Ltd (Loughborough, UK).
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3.2.1.2 Preparation of MWCNTs/Epoxy Nanocomposite

The MWCNT/epoxy nanocomposite matrix was prepared by uniformly dispersing the
MWCNTSs in the epoxy resin using an ultrasonic technique. Firstly, different
concentrations of the MWCNTSs (0 — 2.0 weight %) were weighed out and mixed in
60 ml of acetone in a beaker. The procedure to prepare the nanocomposite samples is
the same that decreased in section 3.1.1.2. The mixture produced in this way was then
cast in a silicon mould to produce the desired specimen configuration needed for
compression testing. Finally, the mixture was cured for 24 hours at room temperature
and then for a further 24 hours post-cure at 60°C to ensure the full completion of the
cure process. The cylindrical test specimens obtained in this way had a 24 mm
diameter and length 25 mm. Fabrication process for the nanocomposite containing

MWCNTSs is shown in Figure 3.3.

s =
— -

Acetone MWCNTs Mix Part-A Ultarsonicator

Hardener Epoxy resin

@ /157
- . (@) gl —
Mix Part-c Samoa .
Oven Ultrasonicator Mix Part-B
\@ \
| “HEEn N | |
Pouring in a silicon mold Samples

Degassing step

Figure 3.3: Schematic illustrating fabrication process for MWCNTs/epoxy nanocomposite
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3.2.2 Characterisation and Testing

3.2.2.1 Electrical Conductivity

To assess the electrical conductivity of the prepared nanocomposite specimens a high
resistance digital multi-meter (Keithley 6517B) was used. This measured the volume
electrical resistance of the samples. The procedures used here were the same as those

described in section 3.1.2.3.

3.2.2.2 Compression Testing

The compression testing of the samples was carried out using a universal testing
machine (described in section 3.1.2.2) operating under displacement control at an
appropriate crosshead speed. For accuracy, three samples (see Figure 3.4), for each
MWCNT concentration studied, were tested. For the electromechanical testing of the
nanocomposite, the uniaxial compressive loading was applied to the specimen at a
crosshead speed of 5 mm/min. The strain sensitivity i.e. (gauge factor GF) of

CNT/epoxy composites was calculated using the following equation;

_AR/R,
&

GF (3.4)

Where AR represents the change in resistance of MWCNTs/epoxy samples, R, is the
initial resistance and ¢ is the compressive strain. In addition, a cyclic load test was as
conducted to explore the dynamic response of the MWCNT/epoxy nanocomposites
and to confirm the reproducibility of this under load. An alternating displacement
strain (0 - 0.4 mm/mm) was applied to the sample using a crosshead speed of 0.5
mm/min. For the temperature dependence testing, measurements were carried out, as
shown in Figure 3.5, within a closed-cycle heater, with a temperature operating range
of 20 to 80 °C. Prior to testing the test temperature was stabilised by holding at the
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target temperature for 60 minutes. The resistance of samples was measured, and
recorded, using a digital multi-meter. To assess the electromechanical response at the
various temperatures, viz. 20°C, 50°C, 60°C, 70°C and 80°C, samples containing 0.5,
1.0, 1.5 and 2.0 weight % of MWCNT’s were subjected to cyclic compression tests.
During each test, the holding time at each temperature was again 60 minutes. Once the
temperature was stable five compression load cycles were applied to the specimens at

a crosshead speed of 0.5 mm/min.

Figure 3.5: Electromechanical test set-up showing the test specimen inside the heating chamber.
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3.2.2.3 Dispersion Assessment

Following testing the fracture surfaces of the specimens were examined using a
scanning electron microscope (JEOL JSM-7001F, Japan). This was carried out to
assess the extent of dispersion of MWCNTS in the epoxy. The steps to prepare the

samples for SEM examination was described in section 3.1.2.4.

3.3 Damage Sensing in Composites containing MWCNTSs during
Anticlastic Bending

3.3.1 Experimental Procedures

3.3.1.1 Materials

The materials used to fabricate the smart composite were described previously in

section 3.1.1.1. The important properties for these materials are listed in Table 3.2.

Table 3.2 Properties of the materials used during the manufacture of test panels.

Property MWCNTSs Epoxy Resin Glass Fibre
Density (g/cmd) 2.1 1.15 2.54
Modulus (GPa) 1200 3 72
Strength (GPa) 63 0.07 3.4

3.3.1.2 Manufacturing of Fibre/MWCNTs/epoxy Composite Laminates

The procedure used to manufacture the matrix (nanocomposite) of the smart
composite was described previously in section 3.1.1.2. Based on the British Standard
BS EN ISO 14125 (1998-2011), the chosen laminate thickness was 2 mm for all

samples used during flexural testing. For each test specimen, 10 layers of woven glass
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fibre mat, containing MWCNT/epoxy, were used. The hand lay-up process was used
to fabricate glass fibore /IMWCNTSs/epoxy composites. During the manufacturing
process, the fabric (measuring 300 mmx300 mm) was saturated with the epoxy resin,
which had been previously mixed with the MWCNTS, layer by layer to ensure that the
resin was uniformly distributed on each. This was done using a roller to ensure an even
distribution of the resin. After the hand layup process was completed, the composites
were subjected to vacuum bagging for 24 hours. Finally, the cured laminates were
placed in an oven at 60 °C for 15 hours to post cure. The glass fibore/MWCNTSs/epoxy
composites manufactured in this way had = 50% volume fraction of glass fabric and
~ 50 % volume fraction of epoxy resin. These were filled with 0.0, 0.5, 1.0, 1.5 and
2.0 wt.% concentrations of MWCNTS, respectively. A brief schematic description of

these steps is shown in Figure 3.6.

.oy,

..........................

Hand lay-up

Ultrasonic device

300 x 300 x 2 mm Vacuum bagging process

Figure 3.6: Schematic illustration of glass fibre/MWCNTSs/epoxy composite fabrication

steps.
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3.3.2 Characterisation

3.3.2.1 Microstructural Examination

Scanning electron microscopy (SEM) was employed to investigate the MWCNTS
dispersion in the matrix, and also to examine fracture surface of the composites

laminate following testing.

3.3.2.2 Electrical Property Measurement

A two-point probe technique, using an advanced digital multimeter (Agilent 34401A)
was used to measure the volume electrical resistance of the specimens. A silver paste
was used to minimise the contact resistance between the surface of the sample and the
tip of the probe. The electrical conductivity (o) of the samples was estimated using

equation;

o=— (3.5

Where L is the sample length and R is the electrical resistance and A is the cross-
section area of the sample In addition, the strain sensitivity (gauge factor) of the fibre

glasssMWCNTs/epoxy was also calculated using equation;

_AR/RO

GF = (3.6)

&

(Terms in EQ.(3.6) have been defined previously). To obtain these measurements,
strain gauges (type L2A-XX-125LT-350) were bonded to one side of the specimen

surface. The strain gauge resistance was 350 Q and the gauge factor 2.1.
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3.3.2.3 Flexural Tests

A uniaxial flexural mechanical test, as shown in Figure 3.7b, was performed using
three-point bend configuration. The sample dimensions were 150x150%2 mm. The
tests were carried out using a universal testing machine (Instron 5582, USA) at room
temperature. The machine was operated under displacement control with a crosshead

speed of 3 mm/min. For each composite laminate, at least, three specimens were tested

to ensure accuracy. The flexural bend stress o, was calculated using equation.

:3pr| 37)
b 2wt

o

Where, Pt is the applied flexural force. I, wand t are span length, width and sample

thickness, respectively.

Figure 3.7: Schematic drawing of the samples on the rig (a) anticlastic test rigs (b) 3-point

bending
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In terms of electromechanical characterization (piezoresistive), the resistance was

recorded in real-time during the static flexural testing.

3.3.2.4 Anticlastic Bend Tests

This type of test was used to study the out-of-plane failure of the composite. Testing
carried out initially below the elastic limit to avoid early failure. The load was then
increased until fracture in order to monitor the damage. The thickness of the test
samples was also 2 mm to ensure accuracy. All of these samples were cut to the same
dimensions (150x150x2 mm). The testing was carried out on the same universal
machine (Instron 5582, USA) described earlier. The two part rigs used during testing
(set at 90° to each other) are shown in the Figure 3.7a. The span between the loading
points on the test plates (both top and bottom) was 140 mm. This span distance was
chosen to ensure that no localised pure bending could occur at the centre of plate. The
ball bearing placed on the top of each loading rod ensured that the load was equally
distributed on each side of the composite plate. A preload of 10 N was used prior to
the readings being taken to ensure the test rigs were balanced correctly. The stress

obtained during an anticlastic test can be calculated from the following equation [133]:

3F

O anticlastic ~ 22 (3.8)

Where F indicates the load applied on the corner of the composite plate, t is the sample
thickness. During testing, the plate will take on an anticlastic shape due to the applied

external load on the four corner edges, as shown in Figure 3.7a.
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3.4 The Drift Properties of MWCNTs in Composites During
Manufacture

3.4.1 Experimental Procedures and Materials

The multi-wall carbon nanotubes (MWCNTSs) used in this study were a CVD
synthesised variety obtained directly from the manufacturer (US-Research Company,
USA). These CNTs had a mean diameter of approximately 50 nm and an average
length of 20 um. Their purity was > 95% with a density of = 2.1 g.cm™. The reinforcing
glass fibres used in the test panels were of a commercial plain-woven E-type glass, of
the density of 2.54 g.cm™. The epoxy matrix resin was slow curing EL2 laminate
(bisphenol-A) type with a density of 1.15 g.cm™. In addition, a low viscosity resin and
curing hardener (type AT30) were chosen since these are widely used in many
industrial applications. The adhesive used to fix the MWCNTS to the fibre surface was
a simple adhesive spray (Fusion Fix GP Spray Adhesive). The E-glass fibres, the
epoxy resin and the adhesive were all supplied by the same company (Easy Composite

Co, Ltd, UK).

3.4.1.1 Specimen Manufacture

To prepare the MWCNTSs/glass/epoxy composite (i.e. MWCNTSs - GE), the composite
laminate layers panels were prepared individually using vacuum assisted resin

infusion. Figure 3.8 below shows the preparation steps used during the procedure.
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MWCNTSs Copper foil

MWCNTSs (0.1g) Glass fibre mat Ten layers

Vacuum

/ bag

8§ mm™=
vacuum pipe
line

Peel ply

—
8 mm

inlet pipe

Figure 3.8: Schematic illustration of MWCNTS depositing on the top surface of composite layers
(for both groups with and without adhesive) and then stacked together for vacuum assisted resin
infusion.

Firstly, a pre-measured mass of MWCNTSs (starting from 0.1g) was spread manually
on the surface of the glass fibre mat, using a wooden spatula. This made them
electrically conductive. This process was continued until the MWCNTSs covered all of
the surface area of the composite layer. In this way, a low electrical resistance (i.e. at
0.4 g of MWCNTSs = 613 Q) was produced. Therefore, each layer consists of 0.4 g
MWCNT, resulting in 4g being applied to the 10 layers. This is = 10 wt.% of the total
fabric weight. During this procedure, care was taken to ensure that no clumping of the
MWCNTSs occurred on the surface. The dimensions of each coated rectangular

specimen area was 32 cm x 24 cm. For the targeting tests panels, 20 such layers were
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prepared. From these, two test panels, comprising 10 layers each, were then
manufactured. This ensured that each test panel had a nominal thickness of = 2 mm,
as required by the flexural tests which were conducted according to standard BS EN
ISO 14125:2011E. These panels were then divided into two groups; one group was
coated only with MWCNTS, the second group had the MWCNTSs fixed into place
using the adhesive. For the second group, the adhesive was applied to the fibre surface
before the resin infusion took place. To ensure that a uniform distribution of the
MWCNTSs was obtained, the MWCNTSs were sprinkled very carefully manually onto
the adhesive layer. These techniques are shown in Figure 3.8. For electrical resistance
monitoring, copper conductive tape was attached to the edge of each layer for both
groups (with and without adhesive applied). This step was carried out in order to
facilitate the monitoring of the electrical resistance changes which was took place
during processing. Control samples were also fabricated from 10 layers of glass fibre
and epoxy resin by resin infusion. The virgin glass fibre/epoxy (GE) composites had

~ 50:50 % volume fraction of epoxy resin to glass fabric.

3.4.1.2 Mechanical and Electrical Characterisation

3.4.1.2.1 Mechanical Tests

Flexural tests were carried out on the prepared specimens in accordance with (BS EN
ISO 14125:2011E) using a three-point bend configuration. These tests were conducted
on an Instron (5582/UK195) 100 kN Universal Testing Machine operating under
displacement control with a crosshead speed of 3 mm/min along a span length of 80

mm. The dimensions of the test specimens were 100 x 15 x 2 mm respectively. Three
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samples, taken from three zones shown in Figure 3.9, were tested to provide a more

accurate average response.
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Figure 3.9: Schematic illustration of samples collected at positions along the panel (left) and

the prepared flexural test specimens ready for testing (right).

3.4.1.2.2 Electrical Tests

For the electrical testing of the specimens, a DC digital multi-meter (type Agilent
34401A) was used to take the measurements. The electrical conductivity (o) of
samples was calculated using the standard equation ¢ = L/RA where, L is the sample
length in mm and R is the resistance in ohms (Q) and A indicates the cross-section area
of the sample in mm?. Once again a silver conducting paste was used to coat the tip of
each specimen to minimise the contact resistances encountered. The three samples
tested (10x10x2) mm were taken from five different zones positioned along the

sample length starting from the infusion inlet to the end of the MWCNTSs-GE
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composite panels. These are shown in Figure 3.10. To quantify the strain sensitivity
(via the gauge factor), the piezo resistive response of MWCNTs-GE composite was
calculated for composite samples subjected to flexural loading. The electrical
resistance was measured at two contact points during the test, as shown in Figure
3.11b. The gauge factor was calculated from the equation GF = (AR/Ro)/e, where AR
= (R-Ro) is the changes in resistance caused by the applied load. Ro is the initial sample

resistance without applied any applied strain, ¢ is the applied strain.
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Figure 3.10: Schematic illustration of samples collected positions along the panel (left) and the

prepared specimens for electrical conductivity test (right).

To monitor the real-time resistance changes taking place during infusion, both types
of prepared composite test panels (as explained above) were used. To record the
changes in electrical resistance, multi-meter probes were connected to the test panels
using copper tape on the sides of the MWCNTS treated zone. During the infusion
process, the flow rate of the epoxy resin was maintained at a constant 1 cm.min! in
order to allow enough time to collect the necessary multi-meter readings as shown in

Figure 3.11. Scanning electron microscopy (SEM JEOL JSM-7001F, Japan) was also
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used to investigate the degree of dispersion of the MWCNTSs on the fibre surface. The
SEM operated at an accelerating voltage of 15 kV, to ensure an appropriate
magnification to clearly visualise the MWCNTS in situ. The samples were coated with
gold to reduce sample charging. In addition, optical microscopy was also used to
capture some images in order to show the positional state of MWCNTSs along the

whole length of the samples.

8 mm vacuum
pipe line
(a) 8 mm inlet
pipe
Force
Copper foil "

4bonouq+ E!_
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Figure 3.11: Hlustration of the in-situ resistance monitoring of the MWCNTS deposited composite

during (a) epoxy infusion and (b) flexural test.

In summary this chapter detailed the experimental work conducted in characterising

the nanocomposite materials investigated.
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Chapter 4

Results and Discussion

This chapter discusses the results obtained from the experimental work conducted in
chapter 3.

4.1 Impact Damage Assessment in Composites containing
MWCNTSs

4.1.1 The Electrical Conductivity of the Self-sensing Composite

The electrical conductivity of the self-sensing specimens was measured at the zero
load conditions i.e. without any strain applied. Figure 4.1 indicates the measured
electrical conductivity of the self-sensing composite as a function of MWCNTSs wt. %
content. It is clear from the curve that the specimen shows a sharp increase in the
electrical conductivity when the concentration of MWCNTS was increased from 0 to
0.5 wt.%. This occurs since above this value the MWCNTS start to form conductive

networks inside the matrix.
10 ¢
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Figure 4.1: Variation of electrical conductivity of self-sensing composite with wt.% MWCNTSs

concentration.
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The percolation threshold is defined as the turning point at which the composite
changes from being an insulator to become electrically conductive due to the presence
of the MWCNTSs networks. This has also been observed in previous studies [134]. The
electrical conductivity of the composite increased gradually after reaching the
percolation threshold approaching 5.1x102 S/m at 2.0 wt.% of MWCNTS. At high
MWCNTSs concentration, the number of conductive networks increased inside the
matrix of the self-sensing nanocomposite, and became more active, and as a result,
electron transfer (conductivity) proceeded easily. The efficient electrical conductivity
of self-sensing nanocomposites is a very important objective in this study in order to
allow for the in-situ monitoring of the self-sensing nanocomposite, during, and after,

impact.

The degree of dispersion (i.e. high homogeneity) of the MWCNTSs into the matrix has
been shown to influence the characteristics of the final nanocomposite properties
(mechanically and electrically) [7]. Raman spectroscopy can be employed as a rapid,
and unambiguous, technique to explore the homogeneity of the nanocomposites in
terms of carbon nanotubes (CNTS) dispersion in the matrix materials. All Raman data
for MWCNTs-GE nanocomposites are summarized in Figure 4.2 and Table 4.1 in
terms of the changes in the Raman shift and intensities ratios. As described previously
Raman spectroscopy is a sensitive tool for monitoring electronic structure in carbon
nanotubes and the presence of defects. It can be speculated that there are two weak
bands (D, 2D), due to their relatively small intensity peaks, to be observed when a

defect occurs in the MWCNTS structure [135].
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Figure 4.2: Raman spectra of unmodified epoxy and modified with different MWCNTS

concentrations.

In contrast, the other Raman shifts (G-band), which was 1572.18 cm™ for the 2.0 wt.%

of MWCNTSs) were 0.12%, 0.23% and 0.32% respectively for the 1.5, 1.0 and 0.5

wt.% MWCNTSs as measured relative to the 2.0 wt.% value. The shift in the peak of G

band for MWCNTSs in the matrix of self-sensing nanocomposites indicates that a

strong interfacial interaction between the epoxy and the MWCNTSs has occurred [136].

Table 4.1: Raman intensities ratios of the self-sensing MWCNTs-GE nanocomposites

Sample Io/lc l2o/lG
0.5 wt.% MWCNTs/epoxy 0.79+0.01 0.81 + 0.009
1.0 wt.% MWCNTs/epoxy 0.98 +0.01 0.72 +0.04
1.5 wt.% MWCNTs/epoxy 0.88 + 0.003 0.80 +0.01
2.0 wt.% MWCNTs/epoxy 0.81 +0.02 0.82 + 0.008
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Moreover, the homogeneity and lower quantity of MWCNTSs defect structure inside
the nanocomposite matrix could also be confirmed by the peaks ratios (see Table 4.1).
The relative intensity of this mode can provide direct evidence of covalent
modification, so indicating possibly defect concentration. It should be noted that the
Io/lc and I2p/lc ratios presented have a low value (<1) for each sample which indicates

a high degree of homogeneity of the MWCNTS in the nanocomposites structure.

4.1.2 Mechanical Properties of MWCNTs-GE Composite before Impact

The measured flexural strength and flexural modulus for samples with different wt.%
MWCNTSs concentrations are shown in Figure 4.3a, b. The ultimate flexural strength
significantly increased in MWCNTSs-GE composite, together with a linear increase in
the stiffness (slope) relative to the virgin composite. Both flexural strength and
modulus were collectively superior to the unmodified condition. When 1.5 wt.% of
MWCNTSs were added to the matrix of the composite (pure epoxy as Figure 4.4a), the
flexural strength showed a maximum value of 577.52 MPa, with the maximum
flexural modulus of 23.88 GPa occurring at 2.0wt.% of MWCNTS. This observed
improvement in properties may be due to a more effective load transfer mechanism,
from the matrix to the reinforcing fibres, due to the presence of the MWCNTS. Hence,
it can be speculated that the maximum properties can be obtained when the
nanoparticles are uniformly distributed within the nanocomposite matrix and between

fibre tows, as shown Figure 4.4b, c.
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Figure 4.3: Mechanical properties of self-sensing composite as a function of MWCNTSs

concentration (a) Stress-strain (b) maximum flexural strength and elastic modulus.
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However, the flexural strength was seen to reduce to 544.21 MPa at 2.0 wt.% of
MWCNT. This was still above the virgin composite value. As is likely that this
reduction can be attributed to the presence of MWCNTSs agglomeration (Figure 4.4d)
effects (i.e. clustering) in some places inside the matrix. This prevents the load being
transferred in a straightforward manner between the nanocomposite components
[137]. From the above results, it is clear that the MWCNTS are not only making the
composite electrically conductive but are also improving their mechanical properties

as well.

«t'@{? S - .
[ 10 jm PlymEMC 4/23/2019 — ipm  PlymmMC 4/23/2019
S0kV  SH SEM WD 10 .0mm X 10,000 15.0kV SET SEM WD 10.1mm

SEI 15Kv WD9mm Ss14 %20,000" -lum

Figure 4.4: SEM images of (a) unmodified epoxy resin (b) 1.5 wt.% MWCNTSs nanocomposite (c)

nanocomposite between the fibre tows, (d) agglomeration of the MWCNTS inside the matrix.
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4.1.3 Absorbed Energy and Damage Factor (y)

Analysis of absorbed energy is considered to be one of the main parameters used to
evaluate the degree of damage in composite laminates following impact [138]. During
impact testing, the absorbed energy can be calculated from the difference between the
initial kinetic energy before impact and final kinetic energy after impact, as expressed

in the following equation:

Eyp =E —E, = %m(v? —v?) (4.1)
Where, m, v; and v, are the mass, initial impact velocity and residual velocity of the
impactor, respectively. As shown in Figure 4.5, incorporating MWCNTS into the
composite matrix allows for more impact energy to be absorbed by the self-sensing
composite. It should be noted that, for the three impact velocities used, the absorbed
energy increased significantly when the MWCNTSs content was increased up to 1.5 wit.
%. However, it then decreased slightly when the MWCNTSs concentration further
increased to 2.0 wt.%. The largest amount of energy absorbed in the samples, which
occurred from the impactor at a velocity of 5.43 m.s?, was 22.1J at 1.5 wt. % of
MWCNTSs followed by 20.8J, 18.7J and 13.1J for self-sensing composites containing
2.0, 1.0 and 0.5 wt.% of MWCNTSs respectively. It also interesting to observe that,
under the same MWCNTSs concentration, with increasing the impact velocity the
absorbed energy increases as well. As shown in Figure 4.5, at 1.5 wt. % of MWCNTS,
the absorbed energy increases by 142 % from 9.1J) to 22.1J as the impact velocity
increases from 3.13 to 5.43 m.s™. This trend could be due to the strong interfacial
adhesion between the MWCNTSs and the matrix. The same behaviour was observed

with other concentrations as well. Therefore, it can be concluded that adding
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MWCNTS to the composite has contributed to elevated levels of energy absorbed at
different impact velocities, as indicated by the observed increase above the 0 wt.%

position.
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Figure 4.5: Absorbed impact energies versus wt. % of MWCNTS concentration.

To evaluate the degree of damage incurred by the specimens, the following expression

for damage factor (y) (equation Eq.(4.2)) was used [139].

( E,_E. E4 vE \
| =—=1-— (in rebound case) |
E E; v?
Y = 4 ‘ ‘ : $ (4.2)
| or |
k 1 (in penetrate case) }

Here, E,; is the energy dissipated by the samples. If the damage factor { = 0, then
E; = E,, and this indicates that no impact energy is absorbed, so of the energies are
fully converted to rebound energy of the impactor. This is an ideal case which cannot

actually be achieved due to friction and elastic energy. In contrast, if yr =1, then the
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sample is fully penetrated by the impactor and will show a high degree of damage.
Therefore, the damage factor 0 < ¢ < 1 may indicate the degree of dissipated energy
which can be used as a criterion to evaluate the ability of the composite to absorb the
initial impact energy. Applying this criterion to the current self-sensing composite,
then a smaller value of ¢ means less damage, so is indicating a better resistance to

impact.
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Figure 4.6: Damage factor as a function of MWCNTSs concentration and under different impact
energies.

As shown in Figure 4.6, the damage factor y at the lower impact energy decreases by
39% from 0.46 to 0.28 as the MWCNTSs concentration increases from 0 to 1.5%. In
addition, the damage factor for an impact energy of (24J) decreases from 0.57 to 0.3
by 47%. Moreover, at the highest level of impact energy (36J), the value of vy
progressively decreases by 48% from 0.68 to 0.35 as the MWCNTSs concentration

increased. From the results, it is revealed that the sample modified with 1.5 wt.% of
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MWOCNTSs shows a minimum damage factor value which indicates the best impact
resistance for all the three levels of impact energies studied. This improvement could
indicate the most effective homogenous MWCNTSs distribution within the matrix
(Figure 4.4) as well as the strongest interfacial bonding condition between the
MWCNTSs and the matrix between the fibre layers as shown in Figure 4.4c. However,
above this level i.e. at 2.0 wt.% MWCNTS, the damage factor increased possibly due
to the agglomeration of MWCNTSs within the matrix as shown in Figure 4.4b. This
agglomeration prevents strain energy being released, as crack propagation occurs
during impact. This type of constraint allows greater damage to occur, due to an

embrittling effect.

4.1.4 Residual Flexural Strength after Impact

Good flexural strength after impact is an important characteristic for any composite
since it can provide significant information regarding initiation and propagation of the
damage within its structure. Therefore, a flexural test after impact for the self-sensing
composite was conducted at different levels of impact energy. The maximum absorbed
energy value, which was occurred at 1.5 wt.% of MWCNTSs concentration as shown
in Figure 4.5, was chosen for this test. Figure 4.7a, b shows the results obtained for
the flexural stress-strain and the normalised residual flexural properties at different
impact energy levels. As expected, the applied impact events caused a reduction in
both the strength and the modulus properties of the self-sensing composite. It should
also be noted that the residual flexural strength is significantly reduced as the impact
energy increases, and to a greater degree when compared to the residual flexural

modulus. The maximum reduction is = 25% and =~ 16% for the residual strength and
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the modulus respectively. This indicated that the flexural modulus is not as sensitive

to damage, when compared to the flexural residual strength.
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Figure 4.7: Flexural properties versus impact energy for self-sensing composite containing of

1.5 wt.% MWCNTSs (a) flexural stress-strain and (b) normalised residual flexural properties.
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This has also been observed in other studies [140-142]. The higher sensitivity of the
flexural residual strength, to damage, can be demonstrated by the fact that the impact
damage is localised to the damage site and so therefore has a minimal effect on the

other macro properties such as residual modulus.

4.1.5 Self-sensing Damage Measurement using Electrical Resistance
The damage in the specimen, after impact, is generally localised. However, if the
impact level increases, the damage will spread out through the thickness around the

impacted area as shown in Figure 4.8. Therefore, it is important to measure the

electrical resistance through the specimen volume to assess the degree of damage.

MWCNTSs ’ " ‘

AL

Sample

Internal
1
damage area
1

View from above Side view

Figure 4.8: Sketch showing potential internal damage following impact.

Figure 4.9 shows the normalised change in electric resistance (AR/Ro) as a function
of the time for different levels of impact energies applied to self-sensing composites
for the different concentrations of MWCNTS. AR/Ro is defined as the ratio of the
change in resistance (AR) to the initial sample resistance (Ro). It is clearly observed
that when the sample is subjected to an instantaneous impact load, the AR/Rq of all
samples initially increases linearly with time, reaching a maximum value before

gradually decreasing nonlinearly until a certain level (as shown in Figure 4.9a, b and
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c) is reached. This change in electrical resistance is due to the MWCNTS conducting
networks being disrupted during the impact event. This leads to increase in the
electrical resistance. These results were also confirmed by statistical analyses and

showed significant variations (P-values < 0.05).
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Figure 4.9: Normalised changes in electrical resistance vs time for different wt.%
MWCNTS concentration at different impact energies (a) 12J, (b) 24J, (c) 36J and (d) the
peak of (AR/Ro).
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When the impactor rebounds, part of the fracture area may close (elastic deformation)
and so the MWCNTS contact is re-established resulting in a decrease in the electrical
resistance of the sample. In addition, to demonstrate the maximum electric resistance
reached, during impact, Figure 4.9 d shows the peak values of AR/Ro with respect to
applied impact energy for different MWCNTSs wt.% concentrations. It is observed that
the peak value of AR/Ro increased with increasing impact energy level, and with a
statistically significant difference (P-value < 0.05). Further, the self-sensing
composites with higher MWCNTSs content exhibit lower values of AR/Rq than those
with low MWCNTSs concentrations. For instance, the AR/Ro values at 36J impact
energy are 0.51, 0.56, 0.63, and 0.74 for samples containing 2.0, 1.5, 1.0 and 0.5 wt.%
of MWCNTSs respectively. Similar trends, as shown in Figure 4.9d, occur for the other

wt.% MWCNTS concentrations.

The smaller value of AR/Ro for samples with high MWCNTSs content may be due to
the potentially higher electrical conductivity of the sample. Using a high MWCNTSs
concentration leads to a reduction in the distance between the MWCNTS so improving
electron transfer (conduction). As a consequence, the electrical resistance decreases
[11]. Therefore, when an impact load is applied, the amount of damage to the existing
conduction pathways due to the MWCNTSs within the matrix will be less when

compared to low MWCNTSs concentration.

Interestingly, it should also be noted that the self-sensing specimen containing a high
MWCNTSs concentration showed a less permanent change to the electrical resistance
when compared to a low MWCNTS concentration. This can be expressed by an electric
damage parameter (1) as shown in Figure 4.9¢. The electric damage parameter (1) is a
measure of the damage in the composite left after impact. This is indicated by the

permanent changes in the residual resistance of the structure above the initial level.

82



Chapter 4

This parameter is useful to assess the degree of structural damage after impact. This

will be explained in more detail in the next section.

4.1.6 An in-situ Evaluation of Changes in Electrical Resistance

The on-line structural health monitoring, in-situ, is still a critical issue for important
applications such as energy generation, aerospace and nuclear installations. Therefore,
the main objective here is to develop a simple method to detect the real-time damage
of structures by monitoring changes in electric resistance during impact or other
damage situations. By using this principle, the self-sensing of a MWCNTs-GE
nanocomposite has been investigated to predict the internal damage, which occurs
during impact loading. Figure 4.10 shows the relationship between the electric damage
parameter (A) for samples sustaining different impact energies as a function of
MWCNTs concentration. The magnitude of (A) was obtained from Figure 4.9c, and
the same approach was used to achieve this for other samples in Figure 4.9a, b. It can
be seen that all samples showed an almost linear reduction in the electric damage
parameter (A) as the MWCNTs concentration increased with this being dependent
upon the impact energy used. For example, at the lowest impact energy (12J), the
electric damage parameter (A) decreases by about 95% as the MWCNTs concentration
increases from 0.5 to 2.0 wt.%. For the highest level of impact energy (36J), the value
of A decreases by only 34% as the MWCNTSs concentration increases from 0.5 to 2.0
wt.%. Thus, it can be seen that the self-sensing sample which contained 2.0 wt.% of
MWCNTs showed a lower value of A under all impact energies levels. By applying
Tukey’s multiple comparison test to all impact energies, the results are shown in table
below Figure 4.10. The Tukey test is a statistical test used to determine if the
relationship between two sets of data is statistically significant [143]. The statistical

calculations show a significant difference (i.e. P-values <0.05) in terms of electrical
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damage parameter (A) for all impact energies. Therefore, in summary, those self-
sensing samples, which contain high concentrations of MWCNTSs, will be less

sensitive to damage incurred during impact events.
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Figure 4.10: Graph to show the variation in the electrical damage parameter (1) for self-
sensing composites containing different MWCNTs concentrations for different impact

energies. The table below the graph explains the statistical analysis results.

Other studies have also showed this to be the case. For example, Ku-Herrera et al. [11]
used different concentrations of CNTs as an additive to fabricate a smart composite.
They measured the sensitivity of the resulting composite under tensile loading

conditions. It was found that with decreasing the CNTs content, the sensitivity of the
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smart composite to damage increased linearly. Yin et al. [144] added different
concentrations of MWCNTS to epoxy resin to fabricate a self-sensing composite. Here
the testing of the samples was tensile and compressive under both static and cyclic
conditions. They reported that the samples containing high concentrations of
MWCNTSs showed less ability to sense the damage incurred during both types of tests.
However, the results obtained in the present study showed the lowest damage
parameter (A) to occur at 2.0 wt.% of MWCNTs. Therefore, samples containing 0.5,
1.0, and 1.5 wt.% of MWCNTs were only those considered for the following

evaluation method.

4.1.7 Damage Factors and Damage Sensitivity

From the experimental results obtained during this study, it can be noted that there is
a relative relationship between the damage parameter (A), obtained during impact
testing, and the damage factor (), which was a measure of the absorbed energy during

testing. This can be expressed as follows;

A « damage factor(y) (4.3)

Figure 4.11 shows the relationship between the electrical and mechanical damage
following impact testing for the self-sensing samples containing different MWCNTS

concentrations.
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Figure 4.11: The relationship between the damage parameter (1) and the damage factor () for self-

sensing composites containing different MWCNTSs concentrations for different impact energies.

It is clear that, for all impact energies, both the mechanical damage factor (y) and the
electrical damage parameter (A) are both significantly decreased with increasing
MWCNTs concentration. For example, at 36J the damage factor (y) decreases from
0.53 t0 0.35 (= 33.9%) and the electrical damage parameter (A) by = 27.7% from 0.36
to 0.26 as the MWCNTSs concentration increases from 0.5 to 1.5%. Moreover, at low
impact energy 12J, the mechanical damage factor y decreases by =~ 33.3% from 0.42
to 0.28, and the electrical damage parameter A decreases by ~ 66% from 0.06 to 0.02
as the MWCNTSs concentration increases. In addition, it can also be noted that there
are statistically significant differences between the different concentration groups. For
instance, the relation between the damage factor (y) and the damage electrical

parameter (1) show a significant difference (i.e. P-value <0.05 and < 0.01) when the
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MWCNTSs concentration increases from 0.5 to 1.0 wt.% and from 1.0 to 1.5wt%
respectively. Finally, it was observed that the incorporation of higher concentration of
MWCNTs, such as 1.5 wt.% within the nanocomposite’s matrix, led to a significant
difference (P-value < 0.001) in comparison with lower MWCNTSs concentration
(0.5wt.%). This improvement could indicate the most effective homogenous
MWCNTSs distribution within the matrix (Figure 4.4) as well as the strongest
interfacial bonding condition between the MWCNTS and the matrix between the fibre

layers as shown in Figure 4.4c

Based on these results, it can be observed that the damage parameter and damage
factor are fully dependent on the concentration of the MWCNTS in addition to the
impact energy. At lower MWCNTSs concentration, the distance between CNT- CNT
(i.e. tunnelling distance) [145] is high and this distance increased due to the fracture
of composite matrix caused by the impact load. In this case, the conducting electrons
cannot pass easily between them. As a consequence, the overall specimen resistance
increases. Further, the electrical resistance of specimen after impact (R2) can be

assumed by;

R, =Ry + ARtunneling (4.4)

where Ro is the specimen’s resistance before impact and ARwnnelling iS the change in
resistance (after impact) for the tunnelling distance between CNT-CNT. According to
the tunnelling theory (This is defined as a quantum mechanical phenomenon where a
subatomic particle passes through a potential barrier) [146], the tunnelling resistance

before impact is given by;
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__ h’[d] 4rld] =
I:\)mnnel - Ae2 Zmﬁ exp( h Zmﬂj (45)

Where e is the electron charge, m is the electron mass, h indicates the Planck’s
constant, g is the energy barrier (for the epoxy matrix, 0.5 eV~2.5 eV [59], and A is
tunnel cross-sectional area and d is the space between neighbouring MWCNTS.
Similarly, after impact, the distance between every adjacent MWCNTSs will alter due
to the damage in the MWCNTSs network. Therefore, tunnelling resistance after impact

will be assumed as;

_ h’[d+Ad] _ (4x[d+Ad]
ARtunnel - Aez\/Zmﬁ exp( h '\lzmﬂj (46)

It can be noted that the tunnelling resistance is strongly dependent on both the
tunnelling distance (i.e. d) and the energy barrier of the matrix (e). Therefore, by
combining Eq.(4.6) with Eq.(4.4) an equation for A = (R2-Ro)/Ro can be obtained as;

h?[d + Ad 4r[d + Ad
(Ry = Ro)/Ro = (1) = 21 2 op (L2224

" Ae2 2mB P h W) /Ro (1)

Eqg. (4.7) also shows that a clear relative relationship exists between the distance
between CNTs and the electrical damage parameter (A). Additionally, Figure 4.12
shows the relationship between the absorbed energy and the electrical damage

parameter (A) as a function of MWCNTs concentration.
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Figure 4.12: The representative relationships between the absorbed energy and the damage
parameter ().) for self-sensing composites containing different MWCNTSs concentrations
subjected to different impact energies.

It can be seen that the damage parameter (1) is inversely proportional to the impact
energy absorbed when the content of MWCNTS was increased up to 1.5 wt.%. Up to

this concentration, the following relationship applies;

1
absorbed energy

(4.8)

However, this relationship between the electrical damage parameter (A) and the
absorbed energy no longer applied when the MWCNTSs content further increased to
2.0 wt.%. The observed reduction in the absorbed energy was due to the agglomeration
as described earlier and as shown in Figure 4.4d. The agglomeration can produce stress

concentration zones within the nanocomposite matrix and this issue makes the matrix
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too weak to bear the impact loads [147]. Therefore, the agglomeration of the
MWCNTSs is considered a critical issue (limitation to detection) for this evaluation
method. So, in this study, the suggested criterion is only used when the MWCNTSs are
well distributed within the nanocomposite matrix as shown in Figure 4.4b. Therefore,

when the relation in Eq.10 and Eq.4 are placed into Eq.11, the expression will be;

h2[d+Ad] [ 4z]d +Ad] _2xC
1+AR,,, = AZWG[ J2m )J/R ) (4.9)

Where C is a constant which depends on the concentration of the MWCNTSs within
the nanocomposite and the impact velocity. This evaluation method model provides
an opportunity to determine the degree of damage sustained after impact for the in-
service self-sensing of the composite material without the need for inspection
equipment. Therefore, aircraft pilots or technical engineers in other industries will be
able to evaluate in real-time, if a structure is at risk or is safe, by monitoring the

magnitude of the changes in electrical resistance.

Furthermore, the damage sensitivity of the self-sensing composite material to changes
in electrical resistance after being subjected to an impact event can be identified by

the following relationship;

damage in electrical resistance (1)

Damage sensitivity = (4.10)

impact energy (J)

Figure 4.13 shows the damage sensitivity of the self-sensing composite to different
impact energies for different MWCNT concentrations. It can be observed that the self-

sensing samples, which contained the lowest concentration of MWCNTS, showed the
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highest sensitivity to damage when compared to those which contained a high
MWCNTSs concentration. Also, the influence of the impact energy on the damage
sensitivity was investigated using three different impact energies. The samples with
the highest impact energy (36J) showed the highest damage sensitivity (0.01J7) at
0.5% of MWCNTSs, which is nearly 1.2 and 1.39 times higher than these samples at

the 1.0 and 1.5 wt.% of MWCNT concentrations respectively.
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Figure 4.13: Damage sensitivity of electric resistance under impact energies vs MWCNTS
concentration.

In order to study the statistical significant of the damage sensitivity results, the
differences among the three concentrations of MWCNTs (0.5, 1.0 and 1.5%)
undergoing the varied impact energies were calculated. A high statistical significant
difference was observed in the given results (i.e. the P-value is lower than 0.05). This
can be explained as follows; when impact occurs, many micro-cracks develop in the

matrix materials in different locations. This causes a high level of distortion in the
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MW(CNTSs conductive networks. This distortion in the MWCNTS conductive networks
leads to an increase in the average distance between the CNT-CNT. Thus, the fewer
contacts between the MWCNTSs contribute to reducing the number of conductive
pathways available. This may be the reason why the self-sensing composites

containing low MWCNT concentrations exhibit the highest sensitivity to impact.

4.1.8 Time Response and Stability of the Method

To investigate the response time for this method, from Figure 4.9a, b and c, the
experimental results are summarized in Table 4.2. By calculating the response time to
peak as well as the decay time required to approach a steady state level the total
response time can be considered. From the table, it can be speculated that the total
response time (a period time starting from the beginning of impact, approaching the
peak and then decaying down to the steady state level as shown in Table 4.2),
decreases with increasing the MWCNTSs concentrations. This is likely due to the high
number of possible contacts between MWCNTS, which lead to a rapid decrease in
specimen’s resistance. However, this total time period increased as the impact energy

increased due to greater damage in the self-sensing nanocomposite specimen’s matrix.

The reliability (i.e. in terms of operation stability) of any developing method is
necessary to its acceptance. Therefore, in this study, the stability of this method was
studied as a function of time by repeating the impact energy three times on the same

specimen.
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Table 4.2: Response time to peak and decay time to steady state level for self-sensing
nanocomposites containing different concentrations of MWCNTSs subjected to varied impact
energies. The diagram below the table indicates the behaviour of the impact test in term of time

response.
Impact Response time (ms) Wt. % of MWCNTS

energy (J) 0.5 1.0 1.5 2.0
R 3.0 2.6 2.5 2.4

12 D 16 7.4 7.1 4.6
Total 19 10 9.6 7.0

R 7.5 7.0 8.0 7.5
24 D 22.5 25.6 21 145
Total 30 32.6 29 22

R 11 10.7 10 9.0

36 D 27 25 23 18
Total 38 35.7 33 27

A Before During After
impact | impact - impact

/

Response time
to peak (R)

L)

Decay time to
steady- state
level (D)

AR/Ro

A
v

Total time (ms)

Time (ms)
Figure 4.14 shows the effect of repeated impact test on the changing in electrical
resistance of the self-sensing nanocomposite specimens containing different
MWCNTSs concentrations. It can be observed that both the peak of the resistance
changes (AR/Ro) and electrical damage parameter (1) increase with the repeated
impact energy. These permanent changes in resistance occurred after each impact are

due to the distortion in the MWCNTS conductive pathways. Regarding the statistical
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analysis, the graph in Figure 4.14 shows that there are statistically significant
differences (rising peaks) between the three repeated impacts test in terms of the
changes in electrical resistance AR/Ro, (p-value < 0.01), and the electrical damage
parameter A, (p-value < 0.05). These changes in values come from the continuous
distortion of the MWCNTSs networks inside the nanocomposite because of the repeated

impacts on the specimen.

Details of the statistic results are shown in Table 4.3. In the fourth column, the 95%
confidence interval (Cl) is for the mean difference values of the comparison between

the each impacted pairs test is given.
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Figure 4.14: Fractional change in normalised resistance (AR/Ro) as a function of time during

three times repeated (24J) impact tests for self-sensing nanocomposites filled with different
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Table 4.3: Comparison summary for all MWCNTSs concentrations undergoing three repeated

impact tests.
Changes Tukey’s multiple comparison P- value 9.5% Cl of Summary
tests difference

First impact VS. second impact 0.0088 -0.219t0 0.343 <0.01

In Peaks Second impact Vs. third impact 0.0093 -0.142 to 0.533 <0.01

Third impact VS. first impact 0.00059 0.170to 0.327 <0.001

First impact VS. second impact 0.033 -0.193 to 0.347 <0.05

n () Second impact Vs. third impact 0.023 -0.352 to 0.405 <0.05

Third impact VS. first impact 0.012 -0.416 to 0.597 <0.05

4.2 The Electromechanical and Temperature Dependent Behaviour

of Composites contaning MWCNTSs

4.2.1 Mechanical Properties

The excellent mechanical properties possessed by carbon nanotubes (E < 1.4 TPa, o1s

~ 63 GPa), and their very high aspect ratio (L/D = 5000), make them an ideal

reinforcing material for multifunctional nanocomposite materials [148, 149]. The

results obtained here, during compression testing, are shown in Figure 4.15.
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Figure 4.15: Compressive stress-strain relationship for nanocomposite.
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The stress- strain curves show approximately linear behaviour between stresses in the
range 20 ~ 70 MPa was reached beyond this, nonlinear behaviour can be seen. It can
also be noted that both the compressive strength and modulus of elasticity are directly
proportional to the weight % content of MWCNTS, each showing an increase with
increasing weight %. However, at higher concentrations agglomeration can also have
an influence, due to a possible saturation effect beyond 1.5 wt.%. The maximum
compressive strength and the modulus of elasticity reached during testing in this study
were 110 MPa and 3.85 GPa respectively as shown in Figure 4.16. It should be noted
that the results of this three tests conducted (see chapter 3) were very similar. These
were seen to occur at a 2.0 weight % MWCNTSs concentration. These enhanced
properties are most likely due to the homogenous nature of the distribution of the
MWCNTSs observed in the matrix material as compared with unmodified epoxy, as
shown in Figure 4.17 (a,b). This even distribution provides for effective load transfer,
and an entanglement effect, across the interface between matrix and the reinforcing
MWCNTSs during loading [150]. In effect, the presence of the carbon nanotubes can
delay the onset of permanent plastic deformation until a higher stress level is reached.

This increases the strength of the nanocomposite [151].
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Figure 4.16: Maximum compressive properties as a function of MWCNTS content, (a) strength

and (b) elastic modulus.
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Figure 4.17: SEM images of (a) pure epoxy and (b) nanocomposite with 2.0 wt.% MWCNTS.

4.2.2 Electrical Conductivity

The electrical conductivity measurements for the MWCNTSs/epoxy nanocomposites
are shown as a function of weight % MWCNTSs concentration in Figure 4.18. Here it
is also necessary to determine the electrical percolation threshold (EPT), i.e. the
minimum weight % of MWCNTSs content in the matrix after which no significant
change in the electrical conductivity was observed. It can be seen here that a significant
increase, after the EPT has been passed, in the electrical conductivity was observed
when the concentration of MWCNTSs increased from 0.1 weight % to 0.5 weight %.
Thereafter the observed change in conductivity, up to 2.0 weight % MWCNTSs, was
more gradual. To do this the statistical power law equation 6 = oo (W-Wc)! was used to
find the critical percolation threshold of the electrical conductivity (wc). Here, o, oo,
w and t are the composite s electrical conductivity, scaling factor, filler weight fraction
and critical exponent, respectively. This equation applies when w > wc. The
experimental data were analysed using a log-log plot of the filler concentration versus

electrical conductivity as shown in (Figure 4.18 inset).
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Figure 4.18: Electrical conductivity of MWCNTSs/epoxy nanocomposites as a function of
MWCNTSs concentration. The inset shows the log-log plot of the nanocomposite electrical

conductivity as a function of (w-wc) with a linear fitting.

By altering the value of we, the best linear fit (using regression analysis) was obtained.
The fitting results showed that t and we of MWCNTS had the values of ~2.34 and 0.3

wt. %, respectively.

Here, since to the obtained value of t being between 1.5-2.5, then this indicates that
the MWCNTSs conductive networks are deformed in a three-dimensional manner
inside the nanocomposite matrix [54]. Moreover, the lower (EPT) value of MWCNTSs
nanocomposite is attributed to a good distribution of MWCNTSs inside the matrix
[152], as shown in Figure 4.17. In the present study, the maximum electrical
conductivity of MWCNTs/epoxy composite reached was 5.25 x 102 S/m, and this
occurred at 2.0 weight % MWCNTSs. The observed increased in conductivity of the

nanocomposite is most likely due toa well-developed MWOCNTs network
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structure (conducting pathways) created within the matrix material [80, 82, 89, 153].
At low concentrations of MWCNTS, the distance between adjacent MWCNT’s is
relatively large and this decreases as the concentration increases. As a consequence,
the effectiveness of electron transfer (i.e. current flow) between the MWCNT’s is very
highly dependent on this MWCNTSs spacing distance. With higher concentrations of
MWCNTS the ease by which electron transfer occurs is considered [80] to be enhanced

by way of a tunnelling mechanism.

4.2.3 Electromechanical Response

4.2.3.1 Under Monotonic Load

The piezo-resistive response of different samples, with different weight % content of
MWCNTSs, was tested in order to ascertain the sensitivity of the MWCNT/epoxy
nanocomposite. Figure 4.19 shows the normalised change in resistance (AR/Ro) which
occurred when the nanocomposite was subjected to mechanical compression until it
fractured. It can be seen that the piezo-resistive behaviour all samples was nonlinear.
Regardless of the concentration of MWCNTS present, an increase in the resistance,
with increasing compressive strain under the load, occurred. This piezo-resistive

behaviour is similar to that observed by Yin et al. [144].
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Figure 4.19: Normalised change in resistance as a function of applied compressive strain at 20
°C.

This behaviour is clearly dependent upon the MWCNT concentration, with the 0.5
weight % MWCNTs/epoxy nanocomposite showing the greatest change in the

normalized change in resistance.

It has been suggested [80] that this type of response is due to the lower MWCNT
concentration present. With lower concentration levels, the resistance to the charge
tunnelling between the adjacent MWCNTs becomes more dominant, due to an
increase in the inter-particle spacing. Similar results were observed by Shen et al. [82]
and Yin et al. [144]. In addition, the strain sensitivity (GF), as defined by equation
(3.4), is also dependent upon the MWCNT concentration. Using this equation to
evaluate the strain sensitivity (GF) for all samples, it can be seen in the Figure 4.19,

that the GF values increased when the concentration of the MWCNT is decreased, for
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example it was 3.44 at 0.5 wt.% of MWCNTS, which is ~ 128% greater than 2.0wt.%
of MWCNTSs content. Therefore, the magnitude of the strain sensitivity may depend
on the concentration of MWOCNTs present in the nanocomposite. Many
nanocomposite based studies [59, 80, 81, 154, 155] making use of CNTs have reported
similar findings. So here, it can be concluded that as the MWCNT content increases,
so the resistance of the resulting nanocomposite is reduced, so decreasing the strain
sensitivity, as shown in Figure 4.19. This could be due to the increasing CNTSs, content
decreasing the inter-particle distance between adjacent CNTs thus allowing the
potential for greater possible contact between them. As a consequence of this, a
reduction in the resistance will be seen. For this reason, at lower MWCNTSs
concentrations the electrical resistance of the nanocomposite material appears to be

much more sensitive to strain [81].

4.2.3.2 Under cyclic load

With regards to the electromechanical response under cyclic loading conditions,
Figure 4.20 a, b shows the absolute values of the measured changes in the normalised
change in resistance (AR/Ro) for the MWCNT/epoxy nanocomposite specimens when
they were subjected to cyclic compressive loading. It can be seen that the change for
all the samples, although alternating between zero and a maximum value, was
relatively linear and showed excellent correspondence with the changes in the applied
compressive strain as shown in blue in Figure 4.20 a for 2.0 wt. % of MWCNTS
sample, respectively. From this observation, it can be concluded that the changing
normalised resistance is directly related to the changing strain. This decreasing and
increasing in electrical resistance during the compressing and subsequent releasing of
the load can be ascribed to the gaps between MWCNTS as represented in Figure 4.21.

This lockstep behaviour has been explained by Cao et al. [86] as being due to the
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destruction, followed by the reforming, of the required conductive pathways between
MWCNTSs during the compressive cyclic loading. Additionally, the maximum values
for MWCNTs/epoxy nanocomposite normalised change in resistance (%) were
respectively 1.4%, 1.1%, 1.05% and 0.95% at 0.5 weight %, 1.0 weight %, 1.5 weight

% and 2.0 weight % MWCNTSs concentrations as seen in Figure 4.20b.
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Figure 4.20: The piezo-resistive versus time response (a) ten loading cycles of 2.0 wt. % of

MWCNTSs, (b) maximum peak at three cycles for all samples.
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Figure 4.21: Schematic representation of nanocomposite sample under releasing and
compressing load.

These results indicate that the maximum value of the normalised resistance (AR/Ro)
occurred at the lowest MWCNTSs concentration. Thus, as the concentration decreases
so the change in the resistance will increase. This is possibly due to the disruption
caused to the potential tunnelling channels. In summary, during this type of cyclic
loading, the resistance of the MWCNTs/epoxy nanocomposite shows a high degree of
stability in terms of the observed piezo-resistive effect discussed. These results are
comparable, and more accurate, than those obtained by [89, 144] during their study of

the sensing behaviour of epoxy based CNTs subjected to compression cyclic load.

In their study Dinh et al. [89] observed a drift in normalised resistance during the first
two cycles of five cycles when the samples were tested under cyclic compression. In
addition, Yin et al [144], observed that the amplitude of the normalised resistance
(AR/Ro) decreased and did not return to its original level after each cycle. This was
claimed to be due to hysteresis effects experienced by the nanocomposite during the

compression loading.
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4.2.4 Temperature Dependent Behaviour under Zero Load

It has been shown [87, 156] that temperature can affect the stability of the electrical
resistance of CNTs/polymer nanocomposite materials. Consequently, this response
can generate significant structural integrity issues for oil and gas pipeline structures
when they are exposed to high, and varying, temperatures. Figure 4.22 shows the
temperature versus normalised resistance profile in the range 20-80°C for
MWCNTs/epoxy nanocomposite containing different MWCNTS concentrations but

with no applied load.
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Figure 4.22: The influence of temperature on the normalised resistance of nanocomposite
without load.

For each of the concentrations tested the normalised resistance was seen, as expected,
to increase with increasing temperature. This increase in normalised nanocomposite

resistance is due to the breakdown of MWCNTSs network brought about by the
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volumetric expansion of epoxy matrix as the temperature rises. These results are also
observed previously by Njuguna et al. [157]. Further, it can be noted that the change,
with temperature, in the normalised resistance for the sample with the highest
MWCNTSs concentration is smaller than for the lower concentration of MWCNTS.
This behaviour can be associated with the better stability of the MWCNTSs network
structure, associated with the higher CNTs concentrations, facilitating better electron

transfer through the inter-particle channels [158].

4.2.5 Temperature Dependent Behaviour during Cyclic Loading

Figure 4.23 shows the strain sensitivity (GF) for a 1.0 wt. % MWCNTs/epoxy
nanocomposite obtained during cyclic compressive loading tests performed at a range
of different temperatures. The values were obtained only during the first cycle of the
test and are presented here for convenience against percentage strain. It can be seen
that as the temperature increases from 20°C to 70°C, the strain sensitivity (GF) of the
composite decreased significantly from a value of 4.33 to 1.18. This change in the
strain sensitivity (GF) can be attributed to the observed behaviour of the matrix
material when the tests were conducted above and below the glass transition
temperature (Tg). The glass transition threshold temperature (Tg) is an important
polymer property since it defines the temperature at which the polymer changes from
a hard, glassy state to a more rubbery condition. Below Tg, i.e. between 20-70 °C, the
strain sensitivity (GF) of the nanocomposite was reduced. However, above Tg the
strain sensitivity of the nanocomposite increased sharply, reaching a value of 5.29 at
80 °C. At this temperature, above the threshold temperature (Tg), the effect on
mobility of the internal structure of the nanocomposite is markedly enhanced as the

material enters the rubbery stage.
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Figure 4.23: Strain sensitivity (GF) for one cycle for 1.0 wt.% MWCNTSs at different

temperatures.

To study the changes, which occurred in the resistance during cyclic loading of the
CNT/epoxy nanocomposite, specimens were initially strained to 0.4% and then
unloaded back down to zero. The resistance (R) which was calculated during the test,
is presented in the Figure 4.24 as a function of time. It should be noted that when the
test achieved at temperature below 70°C the value of (R) initially reduces steadily,
with increasing the cyclic compressive loading, but then increases again as the load is
released. Similar behaviour occurs for all five cycles. During testing the observed
peaks and troughs, representing the maximum and minimum values reached, increased
slightly with increasing temperature during each strain reversal. For those specimens
tested between 20°C and 60°C the changes observed remained remarkably consistent
in nature. However, above this temperature range those tested at 70°C and 80°C
exhibited a different type of response, particularly that tested at 80°C, where the test

temperature was above threshold temperature (Tg) for the nanocomposite. The
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response of the material tested at 70°C appears to be in transition as the Tg threshold
is crossed. This change in response above Tg can be attributed to the breakdown of
the established conductive network structure present in the nanocomposite. Above the
threshold temperature (Tg) for the nanocomposite, the structural changes which occur
are considered to be irreversible [86, 159] due to hysteresis effects in the viscoelastic
matrix material. Thus, the results obtained indicate that there are two possible modes
of behaviour, with one occurring above the glass transition temperature (Tg) and the

other below this temperature.
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Figure 4.24: Temperature influence on the electrical resistance under cyclic load (1.0 wt. %0).

For temperatures below the threshold (Tg) the response of electrical resistance (R) is
seen be relatively stable and in step with the applied cyclic strain. However, above
threshold (Tg) temperature the behaviour of CNT/epoxy nanocomposite changes as
the observed electrical resistance steadily increases under compressive loading
conditions. To understand why this happens two separate mechanisms need to be

considered. Firstly, when the specimens are exposed to a higher test temperature, then

108



Chapter 4

the resistance of MWCNTSs/epoxy nanocomposite will naturally increase as the
volume of the matrix material expands. Mohiuddin et al. [87] suggested that this
volumetric change would increase in the spacing distance between the MWCNTS.
Secondly, above the threshold (Tg) this change is further assisted by the partial
breakdown of the MWCNTSs network conducting pathways [89]. Taken together these
two mechanisms make electron transfer within the structure more difficult, thus

causing the resistance of the nanocomposite to increase.

4.2.6 Temperature Effect on the Mechanical Properties

Further evidence to support the above statement regarding the observed behaviour
before and after the (Tg) threshold can be attributed to the observed visco-plastic
behaviour of the material. Figure 4.25 shows the normalised behaviour of the elastic
modulus of the nanocomposite over five applied strain cycles (0-0.4mm/mm)
conducted at different temperatures. As expected, the normalised elastic modulus
reduced as the temperature increased. For example, the normalised elastic modulus
slightly reduces by = 2% and ~ 15% at temperature 50°C and 60°C respectively, when
compared to the normalised elastic modulus at 20°C (as a reference). This is due to
the visco-elastic behaviour of a material which is dependent on the magnitude of the
applied temperature and loading time. In addition, if a constant strain is applied to this
type of material, its elastic modulus will decrease gradually over a period of time. This
is due to the matrix of the nanocomposite undergoing molecular reconfiguration in
order to minimise the effect of localised stress [160]. However, a sharp reduction in
the normalised elastic modulus was observed at 70°C (= 67%) and 80°C (=~ 87%)
respectively. This reduction in elastic modulus of the nanocomposite may be due to
the effect of broken of cross-linkings bonds between the matrix (epoxy) molecular
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chains at the higher temperature, with a greater degree of damage seen when the

temperature increases [186].
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Figure 4.25: Temperature influence on normalised elastic modulus of 1.0 wt. % of MWCNTS

nanocomposites under cyclic load.

4.3 Damage Sensing in Composites containing MWCNTSs during
Anticlastic Bending

4.3.1 Electrical Conductivity Test Results
The DC electrical conductivity of the composites laminate was measured as a function

of MWCNTSs concentration (wt.%), this was described previously in (section 3.2.2.1).
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4.3.2 The Effect on Composite Properties of MWCNT Additions

4.3.2.1 Flexural Test Results

The flexural properties of composites, with and without MWCNTSs obtained during
testing are shown in Figure 4.26. These results indicates that embedding MWCNTSs in
the composites improves both the flexural strength and the flexural modulus of the
composite. The flexural strength increased from 421.5 MPa (for the unmodified
composite) to a maximum value of 473.4 MPa (nearly 12.3%) with the addition of
1.5% of MWCNTS. In addition, the flexural modulus was also improved and increased
from 21.5 GPa to 31.1 GPa at 2.0 wt. % of MWCNTSs. Yip et al. [161] studied the
flexural behaviour of glass fibre reinforced polymer with MWCNT and obtained
similar results in terms of flexural strength. Their observed increment was =~ 9.2% for
a 0.75 wt.% concentration of MWCNTSs as compared to the unmodified composite.
Similarly, Rathore et al. [95] added different concentrations of MWCNTSs to
composites (GFRP) and then conducted flexural tests. Their results indicated that the
samples at 0.1 wt.% concentration of MWCNT had both a higher flexural strength and

modulus, =~ 32.8% and ~ 11.5% respectively compared with the control samples.
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Figure 4.26: Effect of MWCNTS concentrations on flexural properties of GFRP composites.

This improvement in the strength and stiffness characteristics of the composites
embedded with CNTs occurs due to good interfacial bonding between the CNTs, and
the epoxy, with the fibre surface and the necessary effective distribution of the
nanocomposite particles between the fibre tows as shown in Figure 4.27a. Therefore,
these conditions ensure that the loads can be transferred efficiently throughout the
composite structure. The good dispersion of CNTSs inside the matrix increased the
mechanical properties of composites. This enhancement can be explained as a strong
synergetic effect between the polymer matrix and the MWCNTSs, which benefits from
the high stiffness property of MWCNTSs [24, 116]. However, the flexural strength of
composites decreased slightly, to 469.7 MPa, when the MWCNTSs concentration
reached 2.0%. This could be due to the poor interfacial bonds between the fibre and
the matrix caused by MWCNTSs agglomeration. At high concentration, MWCNTSs tend
to agglomerate due to relatively strong van der Waals force between them [9]. The

agglomeration of CNTs, as shown in Figure 4.27b reduces the activity of CNTs surface
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area characteristics (to be able to interact with the matrix) which in turn reduce the
composite properties. However, in this study, the flexural strength continued to
increase with wt.% additions related to the unmodified composite laminates (GRP)
condition. Based on the results obtained, the composite showed the best improvement
in mechanical properties for a 1.5 wt. % concentration of MWCNTS. Therefore, this

wt.% was selected for subsequent experimental testing.

. wosmm 14 i R Wgmm 614

Figure 4.27: SEM images of (a) epoxy based MWCNTs nanocomposite between the fibre tows,
(b) some MWCNTSs agglomeration.

4.3.2.2 The Anticlastic tests

The anticlastic bend test considers a mode of plate deformation in which the plate is
subjected to a twisting type of deformation and is characterised by two opposite plate
curvatures into a so-called “saddle” shape (see Figure 4.33 later). The mechanical
properties including the maximum stresses and elastic modulus values which were
obtained, during anticlastic testing, for different concentrations of MWCNTSs are
shown in Figure 4.28. It can be seen that the addition of MWCNTSs enhanced both the
stress and the elastic modulus of the glass fibore/MWCNTSs/epoxy composite. The

stress increased to maximum value of 447.2 MPa at 1.5 wt. % MWCNTS concentration
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and then decreased slightly to 431.5 MPa for 2.0 wt. % MWCNTS, due to MWCNTSs
agglomeration effects as shown in Figure 4.27b. However, the stress at 2.0 wt. % of
MWCNTSs still represents an increase relative to the control samples. Moreover, with
respect to the modulus, it can be noted that there are two representative values, which
are obtained from this test in the x-direction (Ex) and in the y-direction (Ey). As shown
in Figure 4.28, both Ex, Ey increase significantly with increasing the MWCNTSs
concentration (note that the negative values are due to the negative strain &y). For
example, the maximum modulus values were 39.1 GPa in x-direction and 35.1 GPa in
the y-direction for 2.0 wt.% MWCNTSs. ldeally, the Young’s modulus should be
identical in both directions since the composite is considered to be an isotropic in the
in-plane direction. This small difference is likely due to slight asymmetry in the plates

due to their hand lay-up manufacture.
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Figure 4.28: The effect of MWCNTSs content on properties of (GFRP) during anticlastic testing
anticlastic test.
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For comparison with the flexural test results, the load deflection against MWCNTSs
concentration, obtained for both the flexural and anticlastic testing are shown in Figure
4.29. 1t can be seen that the glass fiore/MWCNTSs the maximum sustained load, for a
deflection of 6mm, for both tests increased with increasing MWCNTS concentration.
The control composite demonstrated a bearing load of 647.7 N and 641.2 N at 6mm
deflection. This increased to a maximum value of 776.9 N and 733.9 N for the flexural
and anticlastic tests respectively. This observed increase is due to the incorporation of
a secondary reinforcement effect at the nano-scale level where the MWCNTS in the
composites increase the interfacial bonding between the matrix and fibre. However,
the decrease of these loads with high MWCNTS content i.e. at 2.0% can be attributed
to the inhomogeneous dispersion (agglomeration) of MWCNTs at higher
concentration levels [22]. The results from the anticlastic test showed lower values
relative to the flexural test in term of stress, whereas the values of Young’s modulus
(stiffness) were higher than those observed during flexural testing. This occurs in the
anticlastic test, due to the geomentric behaviour of the test panel durin bending, which
has a thickness t, and is subjected to external loads at the opposite corners. In this

situation, there are two equal but opposite, bending moments in operation, i.e.
M, =-M y » along the two pairs of edges as shown in Figure 3.7a. These two moments

are can be calculated as indicated in equation (4.11);

12 12
MX=IJXXZXdZ, M, = IO'yXZXdZ (4.11)
) 2

In the flexural test, only one bending moment is applied to the sample and for the other

MX =0. Therefore, the loading in the flexural test is statically equal to two forces at

115



Chapter 4

the corners of the composite plate that are applied exactly along the diagonal between
the plate corners. In this case, the shear deformation is twice that experienced during
the flexural test and, as a result, a lower bearing load is observed under this test.
Moreover, in terms of actual displacement, the values of the strains experienced are
shown in Figure 4.30. These were obtained from the anticlastic test within the elastic
limit of the sample, and are lower than the values obtained from the flexural test. For
this reason, and according to Hooke’s law, the observed values of modulus from

anticlastic tests appear higher.
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Figure 4.29: Maximum load for composite with different MWCNTS content.

4.3.3  Strain Deformation Under Flexural and Anticlastic Tests
Any stress applied to the glass fibore/MWCNTSs/epoxy composite will lead to the
development of strain. Therefore, to study the difference between these two tests i.e.

flexural and anticlastic tests, strain measurements were carried out. To do this is, A
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“T> type strain gauge rosette was bonded onto the (bottom) surface of glass
fibre/MWCNTSs/epoxy composite plates ( i.e on the diagonal line of the specimen).
This type of "T" strain gauge rosette can give two readings at the same time i.e. one in
the x-direction and the other in the y-direction. The strain history readings from this
gauge versus displacement are indicated in Figure 4.30. Because of a condition of

uniaxial bending, it is observed that there is one set of strain readings for the flexural
test (i.e. £,), whereas there are two obtained for the anticlastic test i.e. £xandé,. In

general, the strains for both types of tests increased linearly as the displacement
increased. At, 18 mm displacement, it can be seen that the strain from flexural test
showed a larger magnitude (= x 4) than for both anticlastic test strains. This is because
when the load is applied to the composite plate four corners during the anticlastic test
this causes four tension stresses and four compressions stresses to occur
simultaneously in the plate as shown in Figure 4.33. During anticlastic testing, these
stresses are distributed equally over the glass fiore/MWCNTSs/epoxy composite plate
so minimising the load concentration at a restricted position, as occurs in a flexural

test. Moreover, although the strains for the anticlastic test are opposite in sign, they

are very close in magnitude. The negative sign for the &, within the anticlastic test was

ascribed to the surface compression that take places during the applied load on the

composite plate corners, so creating the saddle shape (see Figure 4.33).
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Figure 4.30: Strain versus displacement experimental readings for flexural and anticlastic tests.

4.3.4 Electromechanical Response

The major objective of this study was to investigate the electromechanical properties
of the glass fibre/MWCNTSs reinforced polymer when subjected to two different types
of mechanical tests, (i.e. under flexural and anticlastic loading). Identical samples
based on 1.5 wt. % MWCNTSs were tested under both flexural and anticlastic test
conditions using static loading. Figure 4.31 shows the change in the electric resistance,
and the load, as a function of displacement for both types of tests. Clearly, from both

tests, the change in the resistance with increasing the load follows a similar trend.

For the three-point flexural testing Figure 4.31a, it is clear that when the load increases
then the normalised change in resistance (AR/Ro) readings reduced slightly, and show
negative values. This reduction in the readings continue up to a centre displacement
of 8 mm for the composite plate. At this point, a sudden sharp increase was observed

as the specimen fractured and broke. To explain this, note that the upper surface of the
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sample, during flexural loading is compressed. Consequently and the lower surface is
in tension see Figure 4.32a. Final failure occurred in the compression surface at the

loading position.
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Figure 4.31: Load and resistance changes during (a) flexural test (b) anticlastic test.
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To understand the relationship between the applied load and the changing resistance
then the following needs to be considered. When the load starts to increase, there is a
slight reduction in the spacing gap between MWCNTSs within the network structure
above its neutral axis and this reduces the resistance. Above 8 mm deflection, due to
an increase in the applied load, the layers close to the bottom surface are exposed to a
large tensile force. Consequently, the observed increasing resistance is due to the
changing internal distances between the MWCNTSs as shown in Figure 4.32b. The
combination of these tensile and compression effects leads to the observed non-linear

changes in AR/Ro. These findings are consistent with other studies [25, 162, 163].

Gaps compressed between CNTs
Gaps elongated between CNTs

(a) (b)

Figure 4.32: Schematic of the 3-point flexural test showing the stress on the surfaces (a) and the

tension/compression effect from force on the MWCNTSs network (b).

For the anticlastic test (Figure 4.31b), the change in the resistance also shows non-
linear behaviour with negative readings being possible, with a maximum value
occurring at 9.3 mm corner deflection. This is ~ 70% greater than for the flexural test.
This is caused, in the anticlastic test, by the two combined moments which are imposed

at the composite plate corners. These simultaneously create two compression and two
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tension surfaces, as shown in Figure 4.33. Therefore, the spacing gaps between the
MWOCNTSs in the out-plane region were reduced in the two compression surfaces and
increased in the two tension surfaces. Consequently, this causes a larger, but still non-
linear, variation in resistance when compared to the flexural test. Thus, this type of
signal can be used to detect the damage at an early stage of crack initiation. In a
previous study [164], using a carbon fibre composite, it was not possible to detect the
crack at an early stage because there was no change in composite resistance during the
applied load. Therefore, glass fibre based MWCNTSs composite have the potential to
detect early damage, by an observed change in the resistance, from the point at which

any applied load will start to increase, as shown in Figure 4.31.

Figure 4.33: Anticlastic saddle shape during loading.
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4.3.5 Strain Sensitivity

The local deformation in both flexural and anticlastic test specimens was detected
using a conventional strain gauge fixed onto the surface of the composite plate. The
history-recorded data were used in equation (3.6) to calculate the strain sensitivity or
gauge factor (GF). Figure 4.34 and Figure 4.35 show the normalised change in
resistance as a function of the strain for flexural and anticlastic test respectively. From
these graphs it is clear that the correlation between the AR/Ro and the indicated strain
in the flexural test shows almost linear behaviour, but to a greater degree than the
anticlastic test. This might because there is only one moment in this test that can affect
the curvature of the plate; while in the anticlastic test there were two moments

available to cause the curvature as shown in Figure 4.33.
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Figure 4.34: Normalised changes in resistance versus strain for flexural tests.
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Moreover, it can also be observed that there are two measurable strain values i.e. &, ,

¢, in the anticlastic test but only one i.e. &, inthe flexural test. This means there are

two GFs to consider in anticlastic test, and one only in the flexural test. In addition,
the strain sensitivity in the flexural test is equal to -2.1 a lower value than those

obtained from by the anticlastic test by about 47% as shown in Figure 4.35.
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Figure 4.35: Normalised changes in resistance versus strain for anticlastic tests.

This is due to 3-dimensional natural of the curvatures developed in the surfaces during
an anticlastic test. This leads to both tensile and compression surfaces being formed
simultaneously during loading. As stated previously, the negative sign in the flexural
test in x-direction in an anticlastic test comes from the compressive deformation on
that curvature surface. Here, because the internal distance between MWCNTSs
decreases so the resistance also decreases, as shown in Figure 4.33. Ideally, the
magnitude of the sensitivity strain in the anticlastic mode should be the same in both
directions but in this study there is a slight difference possibly due to the strain gauge

position being not exactly at the centre of the diagonal line of the composite plate.
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4.4 The Drift Properties of MWCNTs in Composites during
Manufacture

4.4.1 Mechanical Properties

For the MWCNTSs shown in Figure 4.36, it was speculated that they could possibly
drift during the infusion process. To investigate this possibility, test specimens were
taken from different positions along the length of a test panel and then subjected to
flexural tests. The test samples were chosen from three different zones (70 mm, 140

mm and 210 mm) along the panel length from the infusion point respectively as shown

in Figure 4.36.
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Figure 4.36: Schematic diagram used to explain the mobility the MWCNTSs, with respect
to time. (a) Without adhesive, (b) With adhesive.
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Mechanical properties including flexural strength and elastic modulus were

determined for both types of fabricated MWCNTSs- GE composite using the standard

flexural test.
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Figure 4.37: Representative individual flexural stress-strain curves, and collected results, for

maximum flexural strength and modulus properties of MWCNT-GE composites without adhesive
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Figure 4.37a, d shows the static flexural stress-strain curves obtained for both types of
composites (with and without adhesive) at the different zones along the length of the
composite panel. The changes in flexural strength, elastic modulus versus the
collection locations for samples are shown in Figure 4.37b, c, e and f, respectively.
As shown in Figure 4.37a, d, both composite samples exhibited approximately similar
stress-strain relationship for each zone tested. The flexural stress-strain curves initially
present an almost linear response for the flexural stress up to ~ 200-250 MPa for
MWCNTSs-GE composite (without adhesive) and = 350-400 MPa for MWCNTs-GE
composite (with adhesive). In Figure 4.37b, e, it can be seen, regardless of whether
adhesive bonding was used or not, that the deposition of the MWCNTS on the fibre
surface develops a significant increase in the flexural strength of the resultant
MWCNTs-GE composite when compared to the unmodified (virgin) condition. These
tests indicated that for the case of MWCNTs-GE composite, where no adhesive
bonding was used, a gradual, and linear, increase in the flexural strength occurred
along the length of the test panel. At the start position zone one ( i.e. at 70 mm), the
flexural strength was 373.2 MPa and at zone three (i.e. at 210 mm) the flexural strength
was 429.3 MPa, so indicating a = 13% and = 26% increase for zone one and zone
three, compared to control samples respectively.

This increase is due to the drift of the MWCNTS caused by the infusion process which
creates an increase in the areal density of MWCNTSs along the panel length. Figure
4.38 shows evidence for this effect using scanning electron microscopy (SEM) and
optical microscopy. The advancing MWCNT front is clearly observed. For the case of
MWCNTs-GE composite where adhesive bonding was used to fix the MWCNTS in
place, the flexural strength was higher and remained reasonably constant at 504.3

MPa, with less than 1.6% change. Clearly, the use of bonding adhesive improves the
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interfacial matrix/fibre properties, so keeping the MWCNTs in place. The
improvement of the interfacial zone between the nanocomposite components is
important since it helps the load to be transferred easily between them [165, 166]. This
maintains a constant areal density along the panel length. Currently, no studies in the
literature have considered the influence of MWCNTS drift during processing on the
mechanical properties of MWCNTSs-GE composites. In addition, the flexural modulus
of MWCNTSs- GE composite also increased following the addition of the MWCNTS
as shown in Figure 4.37c, f. The flexural elastic modulus of both MWCNTs-GE
composites varied in accordance with the specimen’s location zone. These changes
were highest where no adhesive was used. The elastic modulus steadily increased
when the location of the specimen changed from zone one to zone three. The
significant increase in the observed mechanical properties for both MWCNTs-GE
composites is due to the greatly improved interfacial bonding that exists between the
reinforcement material and the surrounding matrix [167]. This improvement was
greatest for the adhesive assisted MWCNTSs-GE composite, due to the inclusion of the
adhesively bonded MWCNTSs in this region. The adhesive facilitates better load

transfer from the matrix to the fibre reinforcement.
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Figure 4.38: Illustration of the mobilisation of MWCNTSs due to the epoxy flow rate (a) optical
micrograph (b) SEM micrograph, both showing the drift line (white line), which separated the

two phases.
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The observed variation in the mechanical properties along the panel length can be
attributed to the drift of MWCNTS from zone one to zone three, caused by the epoxy
infusion flow pressure as shown in Figure 4.38. In this study, the boundary between
the two phases is called drift line and highlighted with a white line.

Other studies have also investigated the improvement of composite properties through
the addition of MWCNTSs. Chang [114] studied the addition of MWCNTSs on the
mechanical properties of composite laminate/epoxy materials. The results obtained
indicated an increase in the flexural strength properties of the resulting composite
laminates. The observed increase was =~ 22.1% as compared to the unmodified
condition, a lower value when compared to the resent study. In addition, Zhang et al.
[168] investigated the possible addition of different weight percentages of MWCNTSs
to the matrix material of glass/fibre composites to improve the mechanical properties.
They observed that after adding only 0.4 wt.% of MWCNTS to the matrix improved
flexural strength resulted. Neither of these studies considered the use of bonding
adhesive, as was used here. Therefore, the results of the present study indicated that
greater improvements to the mechanical properties of the resultant composite are
possible when a simple bonding adhesive is used to lock the MWCNTSs into place.
However, the results obtained in this study showed lower values compared to those
obtained by other researchers. For instance, Rahmanian et al. [169] used a CVD
technique to deposit MWCNTS directly onto the fibre surfaces. Their results showed
flexural strength and flexural modulus increases by 35% and 51% respectively.
However, they did not study the variations in mechanical properties at various

positions along the composite panel’s length. They stated only average value.
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4.4.2 In-situ Resistance Monitoring Test

Incorporating MWCNTSs into glass fibre reinforced composite material will make the
surface of glass fibre electrically conductive [27]. This is due to the formation of
continuous conductive pathways between the MWCNTS on the surface of glass fibre.
Consequently, the composite structure becomes very sensitive to external influences,
particularly in terms of its internal electrical resistance. This provides the opportunity
to create a sensor material, where changes in resistance can be monitored and related
to any environmental or loading changes taking place. Here this change in the
resistance behaviour also provides the opportunity to study, indirectly, the
immovability of the MWCNTSs in the interfacial region between matrix and
reinforcement.

As described in section 3.4.1.2.2 the electrical tests were conducted on test panels to
measure the changes in their resistance during the epoxy infusion process. Figure 4.39
shows the measured change in the electrical resistance, with time, for both types of
treated (with and without bonding adhesive) MWCNTSs-GE composites. Here it can
be seen that a big difference for both types of composite test panels, in term of
changing in resistance, occurred during the resin infusion. Where no bonding adhesive
was used to fix the MWCNTSs in place, the resistance of the panel increased steadily
in an almost linear manner from the start of the epoxy infusion process. The increase
observed here is due to two possible phenomena; firstly the MWCNTSs have been
moved during the resin infusion so increasing the tunnelling distance between adjacent
MWCNTSs. This distance has a direct effect on the total composite resistance [80].
Secondly, due also to the increase in temperature that occurs during the infusion
process as the resin begins to chemically react with the coated composite layers [157,

170]. In addition, where the bonding adhesive was used, a good stability and no
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obvious changes in resistance with time are observed up to 500 seconds. This stability
is attributed to the adhesive material which holds the MWCNTS in place during the

resin infusion process (see Figure 4.39b inset).
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Figure 4.39: (a) Variation of electrical resistance with time during epoxy infusion for both type
of fabricated self-sensing MWCNTs-GE nanocomposite and (b) SEM images for (adhesive)
MWCNTs-GE composite.

It should be noted that, even with the use of adhesive, a small increase in the resistance
was observed. This slight increment in resistance is probably not related to MWCNTS
networks distortion, but is more likely due to the normal temperature increase in the
matrix during hardening, which dominates at this stage [171]. In summary, without
using bonding adhesive to fix the MWCNTSs to the fabric surfaces, the conducting
MWCNT network structure can become distorted, so altering the conduction pathway
between MWCNTSs particles. In addition, the change in the MWCNTS areal density,
brought about by the infusion process, may also have an influence on the electrical
conductivity. Therefore, the influence of MWCNTSs mobility and the potential sweep

of the MWCNTSs by the advancing infusion front must not be disregarded.
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4.4.3 Electrical Conductivity Measurement

The electrical conductivity of MWCNTs-GE composite is an important property. By
monitoring the changing electrical conductivity, the fracture and strain can be
predicted or sensed for structure health monitoring purposes. Figure 4.40 shows the
variation in electrical conductivity for adhesive and non-adhesive composite as

measured at the different zone locations, as previously shown in Figure 3.10.
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Figure 4.40: Variation in electrical conductivity against sample position.

It can be noted that the electrical conductivity of both types of specimens (with and
without the use of bonding adhesive) increased in accordance with the sampling
position i.e. the measured normalised conductivity values were highest at the end of
the test panels and lowest at the beginning. This change was markedly higher where
the bonding adhesive was not used due to the sweep of the MWCNTS, caused by the
advancing epoxy infusion front, increasing the areal density of MWCNTSs along the

panel length. Thus, it is confirmed that any change in the MWCNT areal density,
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brought about by the infusion process, will affect the electrical conductivity of the
composite. It should also be noted that a greater areal density of MWCNTS can also
cause a reduction in the overall magnitude of the composite resistance [80-82]. This
is considered [172-174] to be due to the reduced distance between MWCNTS
improving the efficiency of the conduction pathway. Since MWCNTSs are randomly
distributed above the fabric laminate surface and then covered by the epoxy resin, it is
not realistic to estimate the exact distance between every two adjacent MWCNTS.
This distance along the panel’s zones especially for (non-adhesive composite), can be

calculated using Simon’s theoretical model [146]. This is stated as;
e?y/2m 4rzd/2m
o :{—ﬁ]exp(ﬂ—’g) (4.12)

Where om IS the electrical conductivity polymer matrix, e the electron electric charge
density (1.60217662x 10°*® coulombs), m is the electron mass (9.10938356x10%! kg),
h is Planck’s constant (6.62607004x103* m? kg/s), and B is the energy barrier (0.5~5
eV) for most of polymers (in this study, p was 2.5 eV [59]). It should be noted that the
tunnelling distance (d) is extremely dependent on both the matrix electrical
conductivity and the energy barrier of the matrix (e). The electrical conductivity of
most polymers is between 1016 and 102 Sm™*. Therefore, polymers (e.g. epoxy) have
usually been considered as insulating materials. Nevertheless, when the epoxy
contains MWCNTSs, the electrons are than able to transfer between adjacent
MWCNTSs. This transfer could be defined, in a physical sense, as a quantum
mechanical penetration of electrons through a potential barrier [175]. By considering
the MWCNTs conductivity as isotropic and randomly oriented, the electrical

conductivity of MWCNTs-GE composite material can be given as follows [176];
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(4.13)

Where o¢ is the electrical conductivity of the CNTs nanocomposite (in this study
experimentally calculated and represented in Figure 4.40, o and f indicate the
electrical conductivity and the volume fraction of MWCNTS). It is well known that
the electrical conductivity of MWCNTSs is high and ranges from 10° S/m to 10° S/m
[177]. Therefore, in our simulations, we use 10* S.m™ in accordance with published
data. The parameter y in equation (4.13) represents the non-straightness of the CNTSs,
which can only apply when the aspect ratio of the CNTs is high. According to the
current properties of the MWCNTs in this study, the aspect ratio (o) is approximately
400 and this is considered to be low, based on the recent studies [178]. These studies
have demonstrated that as the aspect ratio of CNTs increases, then the fibre rigidity
will also increase. Therefore, the non-straightness is taken as unity in this study.
Moreover, H is the depolarisation factor which reflects the influence of the CNTs

aspect ratio (o) to conductivity and is expressed as [179]:

H(a)=[(a! (¢’ -1)xIn[a+(a’ -1)]1-11/(a® -1) (4.14)

Since the volume fraction (f) of the MWCNTSs in this study is significantly altered due
to their drift along the panel length then it can be considered as being high at the end
of the panel (i.e. 0 < f <0.155), therefore, it was computed separately for each sample
using Eq. (4.13). By substituting Eq. (4.13) and Eq. (4.14) in Eq. (4.12) then after
separating the variables, the relation between the tunnelling distance (d) of CNT-CNT

and their volume fraction can be stated as;
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d- (4.15)
1671\/%
A=\/0C2f2+2f(H +0,+3)o, +(H + 0o, +3)° (4.16)

The numerical results obtained using the above relationship, Eq. (4.15) and (4.16), are
shown in Figure 4.41. It can be noted that the tunnelling distance (d) significantly
decreases as the volume fraction (f) of the MWCNTSs samples increases. This change
in volume fraction is due to the drift of the MWCNTSs. This can be clearly seen in
Figure 4.42. The SEM micrographs, Figure 4.42 shows the difference in volume
fraction of the MWCNTSs after resin infusion at the inlet and outlet positions of the

composite panel.
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Figure 4.41: Tunnelling distance (d) of MWCNTs-GE composite samples as a function of the

volume fraction (f) for each sample.
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Figure 4.42: SEM micrographs of non-adhesive samples show MWCNTSs volume fraction at (a)

Panel inlet position, (b) End of panel (following infusion).

4.4.4 Piezoresistivity and Strain Sensitivity Properties

The major purpose of this study was to investigate the stability of MWCNTSs coated
fabric during epoxy infusion processing. Figure 4.43 shows the normalised electrical
resistance change (AR/Ro) versus strain curves obtained from experimental results for
both types of fabricated composites (with and without adhesive). Both types of
fabricated composites show a strong piezoresistive response when subjected to
flexural loading. Regardless of the fixing method of the MWCNTSs (fixed with

adhesive or not), the behaviour of the normalised electric resistance changed linearly
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and in negative piezoresistive manner, i.e. the resistance change (AR/Ro) decreases
linearly with the increase of applied strain for both types of fabricated composite as
clearly shown in Figure 4.43a, c. This change in AR/Ro with applied flexural strain
can be interpreted as the breakdown and disruption of the conductive network paths
between adjacent MWCNTS, which increases the inter-CNTs distance during applied
strain. Moreover, the slope of the graphs shows the strain sensitivity i.e. gauge factor
(GF) of the composite specimens at different zone locations along the composite panel

length.

The gauge factor is significantly dependent on the volume fraction (f) of the CNTs
present [180]. Therefore, the change in volume fraction of MWCNTSs along the panel
length, as expected and demonstrated in Figure 4.36, can also be inferred from the
gauge factor calculations. Therefore, Figure 4.43b, d shows that the gauge factor for
the samples in the zone one is higher than that for the samples located at the end of the
composite panel i.e. (zone three) for both type of composites. For example, the gauge
factor at zone one (for non-adhesive composite) is 3.67 which is higher by 31.6 %
and by 52.04 % than zone two and zone three, respectively. This is due to the drift of
MWCNTS causing the areal density to gradually increase along the composite panel,
becoming highest in zone three. This is shown clearly in SEM images in Figure 4.42,
It was proved that the samples with CNTs concentrations closer to the percolation
threshold, are more sensitive and behave in a highly linear way [181, 182]. This could
be a reason for the higher gauge factor values in zone one, which has a lower
MWCNTSs concentration after resin infusion and, therefore, is closer to the percolation

threshold.
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Other studies [80, 144, 183-185] have also observed that when the volume fraction of
MWCNTSs increases, then the distance between neighbouring MWCNTS decreases
and results in a reduction of both the electrical resistance and the strain sensitivity
(GF) of the nanocomposite. However, for a composite coated with adhesively bonded
MW(CNTs, there is no significantly large change in the zone's gauge factors (2.38 +
0.13). This is due to the restricted movement of MWCNTSs caused by the adhesive
bonds between the MWCNTSs and the fibres. This enables the MWCNTS to resist the

sweeping pressure, which comes from the epoxy resin infusion.
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Figure 4.43: Normalised resistance change with strain and the gauge factors for different

zones location. (a, b) without adhesive, (c, d) with adhesive.

The conclusions drawn from this chapter will be summarised in chapter 5.
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Chapter 5

Conclusions

During the course of this study, the following major conclusions were reached for

each of the areas of investigation concerned.

5.1 Impact Damage Assessment in Composites containing

MWCNTSs

In summary, a new criterion has been developed that enables assessment, detection
and quantification of damage in real-time. This method is based on monitoring of how
the electrical resistance of the permanent structure changes after an impact load. Self-
sensing composites containing a quantity of MWCNTSs were successfully prepared.
The success of this method strongly depends on the employment of an optimal
concentration of MWCNTSs, with a good distribution, to detect the damage at any
region in the composite structure when it is subjected to sudden impact. The results

confirmed that;

1. The electrical conductivity of the self-sensing composite increased when the
MWOCNTSs concentration increased.

2. SEM images revealed a good dispersion of 1.5% MWCNTSs in the matrix of self-
sensing composites and this was confirmed by Raman spectroscopy. In contrast,
some agglomeration appeared when the MWCNTSs concentration increased to 2.0

wt.%.
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3. The maximum absorbed energy with the lowest damage factor occurred at 1.5 wt.%
of MWCNTSs concentration. However, the damage sensitivity decreases with
increasing the MWCNTSs content and a 0.5 wt.% of MWCNTs offered good
damage sensitivity to impact.

4. The normalised changes in resistance, or the permanent damage parameter in
the electrical resistance of the self-sensing composite, increased with increases
in the impact energy and decreased when the MWCNTSs content increased.

5. The statistical results showed that there were a significant difference between
the properties of the nanocomposite samples containing different MWCNTS
concentrations when these were impacted at different impact energies.
Therefore, it is believed that the in-situ, real-time, measurement of electrical
resistance in self-sensing composite materials, and their stability during
repeated impacts, offers the potential for an on-line method of sensing and
evaluating sudden impact damage events in a structure, so minimising the

possibility of catastrophic failure occurring.

5.2 The Electromechanical and Temperature Dependent Behaviour

of Composites contaning MWCNTSs

During these investigations the following major conclusions were reached.

1. The compressive strength and Young’s modulus of the MWCNTs/epoxy
nanocomposites were considerably enhanced by the addition of MWCNTS to
the matrix material. These enhanced properties can be ascribed to the good
interfacial bond between the MWCNTSs and the matrix, so improving load

transfer through the structure.
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2. MWCNTSs were added to epoxy resin, a conductive nanocomposite material
was created. When the concentration (by weight %) of the MWCNTSs was
increased, a significant increase in the electrical conductivity of the
nanocomposite was observed, reaching a maximum value of 0.01 S.m™ at 2.0
weight %.

3. The strain sensitivity, as measured in terms of the nanocomposite gauge factor,
was dependent upon the MWCNTSs concentration, with this being highest at
the lowest concentration of MWCNTs. The strain sensitivity of the
MWCNTs/epoxy nanocomposite decreased as the temperature increased up to
70°C. Thereafter, it increased sharply and reached a maximum value of 5.29
at 80 °C.

4. Under constant amplitude cyclic loadings the MWCNTSs/epoxy nanocomposite
exhibited a stable, and reproducible, piezo-resistive response up to a
temperature of 60°C. Up to this temperature, the resistance decreased in step
with the applied cyclic loading. As the glass transition temperature of the
nanocomposite was approached, the response of the material was seen to
change, being no longer directly in step with the applied cyclic loading. At
80°C, the observed behaviour was quite different, and now indicated by a
steadily increasing (R) resistance.

5. As a self-sensing smart material, this type of nanocomposite shows
considerable potential for structural health monitoring purposes, albeit within

a limited working temperature range.

140



Chapter 5

5.3 Damage Sensing in Composites containing MWCNTSs during

Anticlastic Bending

The damage sustained in composite materials is still a critical issue. Here, a self-
sensing composite was manufactured by adding controlled concentrations of
MWCNTSs to the mixture (i.e. epoxy) of glass/fibre composite. Two different tests,
viz. flexural and anticlastic, were conducted on this novel type of smart composites

and the main finding obtained were:-

1. The mechanical properties of the smart composite were considerably enhanced

by adding the MWCNTS as a second filler.

2. It is observed that at 1.5 wt.% of MWCNTSs, the strength of the composite
reached a maximum. Above this value (at 2.0 wt.%) of MWCNTs
agglomeration reduce the mechanical performance in terms of strength but not
stiffness (E).

3. The normalised change in resistance (AR/Ro) reduced in the flexural and give
a minimun value at 8 mm of displacement. Therefore, it increased sharply.
During anticlastic testing the normalised resistance reduced by =~ 70% more
than that observed for the flexural for a 9.3 mm of displacement, after which,
it increased and becomes positive. This was due to the formation of
tensile/compressive saddle shape surfaces under loading.

4. The strain sensitivity was constant for the flexural test and had a value of - 2.1.
This value was less than the value those obtained from the strain gauges used
during anticlastic testing. The values decreased by about 47%. Therefore, the

results obtained here provide a good understanding of the behaviour of the
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composites based MWCNTSs in terms of loads and strain sensitivity for

complex loading conditions.

5.4 The Drift Properties of MWCNTs in Composites during

Manufacture

In summary, MWCNTSs-GE composite panels were fabricated using vacuum
infusion techniques. These panels were additionally reinforced using MWCNTS,
with these being incorporated into the composite structure with, and without, the
use of a bonding adhesive. These panels were investigated, both experimentally
and theoretically, and from this work; the following major conclusions can be

drawn;

1. In general, both mechanical and electrical properties of the fabricated
composites were greatly enhanced by the addition of MWCNTSs to their
structure, particularly where these were fixed in place using a simple bonding
adhesive.

2. The flexural strength of the MWCNTs-GE composites, where bonding
adhesive was used, was improved compared to the reference by = 37 % for the
samples located at the end of the panel, with changes of less than = 1.6 % from
this for the other zones. Where no bonding adhesive was used only a 26%
increase occurred, this was maximum at the panel end with equally large values
being observed at the first and second zones.

3. The flexural modulus increased by ~ 27 % and =~ 21.4 % for the composite

with, and without, the use of bonding adhesive respectively.
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4. The electrical conductivity measurements were also found to be high at the end
of the MWCNTs-GE composite tests panels especially where no adhesive was
used, with a maximum value of ~ 0.06 S/m.

5. The epoxy infusion process also affected the electrical resistance and the gauge
factors of the MWCNT-GE composites. Infusion brought about a change in
the volume fraction of MWCNTSs along the length of the composite. The
electrical resistance was high, and the gauge factor was low, where no bonding
adhesive was used at zone three.

6. Due to the drift of the MWCNTSs to the end of the non-adhesive panel, the
interparticle tunnelling distances between the MWCNTSs had to be determined
by theoretical analysis. The obtained results showed that there is an inverse
relationship between the tunnelling distance and volume fraction of the
MWCNTSs. The samples having a high MWCNTSs volume fraction at the end
of panels exhibited a substantial reduction in the MWCNTSs tunnelling
distance.

7. From the results obtained, a variation in MWCNTs-GE composite properties
of the test panels (with and without adhesive) were observed. The extent of the
change depended upon where the test specimens were taken from in the
fabricated panels. Test specimens taken from the zone three position exhibited
higher mechanical, electrical properties, and lower strain sensitivity, than those
taken from zone one. These properties are fully dependent on the areal density

of the MWCNTs in each location.
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Chapter 6

Overall Summary and Recommendations for Future Work

6.1 Thesis Summary

Multi-walled carbon nanotubes (MWCNTS) are currently considered to be very
effective engineering materials due to their superior mechanical, electrical and thermal
properties. They can also be used to reinforce epoxy resin as a means of preparing
self-sensing nanocomposites. Embedding MWCNTS in the matrix of the glass/fibre
composite (i.e. epoxy resin) or depositing them on the glass fibre surface to serve as
strain and damage sensors was introduced in this thesis. The effects of adding different
concentrations of multi-wall carbon nanotubes on the mechanical, electrical, strain
sensitivity properties were studied in detail. Standard mixing techniques using an
ultrasonic probe were also used and studied during the manufacture of appropriate

specimens for testing.

A variety of mechanical tests such as flexural, compression, anticlastic bending,
impact, and flexural testing after impact tests, were studied under both static and
dynamic (cyclic) conditions. The results of these tests were then evaluated in detail.
In addition to the microstructure, was also studied using Scanning Electronics
Microscope (SEM), with Raman spectroscopy and optical microscopy being used to
visualise the degree and state of dispersion of the MWCNTSs within the matrix of the
self-sensing nanocomposite. The main aim of this study was to make the composite
into a self-sensing structure which could monitor any change in response to different

types of mechanical loading during service.

144



Chapter 6

To a large degree this was accomplished through establishing an electromechnical
coupling between the effect of the structure geometry and the developed strain in the
structure as indicated by the electrical resistance change under different experimental
conditions. From this experimental and theoretical work the following overarching

conclusions can be drawn;

1. The addition of MWCNTSs into polymer matrix composites and onto fibres
surface, which were studied in this work, can be exploited as self-sensing
elements in composites for in-situ structural health monitoring (SHM)
purposes.

2. The electrical conductivity measurements for the MWCNTS nanocomposites
indicated a steadily increasing directly proportional relationship with
increasing MWCNTSs concentration. This was due to the formation of
MWOCNTSs conductive networks.

3. The resistance change of the self-sensing nanocomposite, when subjected to
mechanical loading, is ascribed to the contribution of several effects. These
are; the orientation of MWCNTS, an increase in the tunnelling resistance, and
the change in contact area between neighbouring MWCNT and the inherent
piezoresistive influence.

4. Damage sensitivity and damage factor properties were studied experimentally
and statistically as the specimens were subjected to different levels of impact
energies. The results showed that the changes in electrical resistance of
specimens increased with an increasing impact energy. Moreover, the
specimens containing a high MWCNTSs concentration showed a lower damage

sensitivity and a lower damage factor under all impact energy levels.
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5. The piezo-resistive properties of MWCNTs/epoxy nanocomposites were also
investigated at different temperatures, under both static and cyclic compressive
loading conditions. For zero loading, the results obtained indicated that
the normalised resistance of the nanocomposite increased with increasing
temperature and decreased with increases in the MWCNTSs concentration.
However, under cyclic loading conditions, the normalised resistance showed
different types of behaviour since it decreased with increasing the compressive
load up to 65°C. Thereafter, it started to increase, and only increased more
slowly when 70°C was reached. It then sharply increased when the temperature
reached 80°C. The strain sensitivity measurements for static loads indicated
that it increased as the MWCNTSs concentration decreased. Nevertheless, for
cyclic loading, it showed a different type of behaviour, especially when the
temperature increased above 65°C.

6. The strain deformation due to the flexural test was only in one direction (i.e.
in y-direction) and indicated higher value compared to both strain values (in
the x and y directions) obtained from the anticlastic test. In addition, two strain
sensitivities, but with opposite signs, where obtained from anticlastic tests
while only one was obtained from the flexural test and had a magnitude equal
to approximately half the value when compared to those obtained from the
anticlastic test.

7. The self-sensing composites with adhesively bonded MWCNTSs exhibited a
more consistent response in their properties than the composites where no
adhesive was used. In addition, the electrical resistance of both types of self-
sensing composites was monitored during the epoxy infusion process. The

results showed that the electrical resistance was not obviously affected for the
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composite with non-adhesive bonded MWCNTs but was high for the
specimens where the MWCNTSs were not adhesively bonded. Moreover, the
numerical study indicated that the relationship between the tunnelling distance

between the MWCNTSs filler and their volume fraction was inverse in nature.

6.2 Recommendations for Future Work

In order to make the initial finding of this thesis more general or comprehensive to the
readers, additional experimental work and further studies are required. These could

include the following;

1. Numerous numbers of studies have tried to embed different types and
concentrations of CNTs to fabricate strain sensors for damage detecting.
However, the electromechanical behaviour of these types of self-sensing
nanocomposites is still unclear, complicated and not fully understood.
Therefore, carrying more experiments need to be carried out to understand the
sensing mechanism and to elucidate details of their piezoresistive response.
This is important in order to utilise this type of self-sensing material for strain
and damage sensing.

2. Based on the results obtaind in this thesis regarding the behaviour of the
composite matrix exposed to heat. It is important to evaluate the properties of
the composite when subjected to high velocity impact of nanocomposites
under different temperature conditions. This needs to be better understood,
particularly at different conditions of temperature and impact loading
conditions, including strain rate at impact.

3. Comparison of the current results with self-sensing nanocomposite made from

different types of polymer resins, either thermosetting or thermoplastic, is
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needed to find the relationship between the results obtained and the matrix type
(i.e. polymers).

. Additional fatigue tests must be carried out on the nanocomposite based CNTs
to study the behaviour of the changing electric resistance of the specimens as
a function of possible fatigue test parameters, viz. random loading conditions,
static over load effects and the influence of temperature.

Glass and carbon fibre reinforced composites are widely used in the many
practical engineering of applications. Therefore, it is also necessary to develop
new and easier techniques to deposit the CNTSs into fibre surfaces of composite
structures in order to monitor any changes when they are subjected to
mechanical loading during service. Here ‘real-time’ variations must be
investigated.

Due to self-sensing nanocomposites having the ability to monitor the
propagation of the cracks that occurred inside the structure, it is also important
to exploit the superior properties of the CNTs for self-healing purposes. To

date very little research has been done in this important area.
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