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Abstract

Polymer composite reinforced with conventional macro size fibres have taken

a major role in various modern engineering applications and their demand is

ever increasing due to their light weight and design flexibility. Various im-

provements in manufacturing methods, fabrication techniques and composite

constituents have been made over the years to produce better polymer com-

posites. However, the major challenge of the conventional polymer composites

is that failure at the matrix rich interlaminar region still remains and limits

their performance resulting in unreliable usage of these composites. A number

of research attempts had little success due to various limiting factors have been

carried out to rectify this problem. One of the potential methods expected to

improve the strength of the interlaminar region is the incorporation of nano-

size fillers, such as electrospun Polyacrylonitrile (PAN) nanofibres mat as an

interalia into the matrix rich interlaminar region of the conventional polymer

composite. However, controlling the alignment and distribution of the PAN

nanofibres during the chaotic electrospinning process is a major hurdle for im-

proving the interlaminor regions. The random orientation of electrospun PAN

nanofibres mat reduces their strengthening effect and also the required material

properties.

Hence, the current study has focused on the design of electrospinning process

for improving the orientation and distribution of the PAN nanofibre mats. The

developed electrospinning process was used to produce random and aligned

PAN nanofibres mat and also used for producing both pristine and function-

alized single walled carbon nanotubes (SWCNTs) doped PAN nanofibres mat.

These nanomats were then sandwiched with the glass fibre-epoxy matrix to

produce nano strengthened multiscale hybrid composites.

As part of the electrospinning procedure, electric fields of general electrospin-

ning technique were manipulated using two position adjustable auxiliary ver-

tical electrodes (AVEs) to produce aligned nanofibres mat along with reduced

diameter. So as to optimise the electrospinning parameters, the effect of AVEs

on the PAN nanofibres mat orientation, distribution and diameter were ex-

perimentally matrixed and analysed. The fractographic study showed that
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auxiliary vertical electrodes (AVEs) added to the electrospinning process re-

duced the diameter, enhanced the alignment of the nanofibres and improved

molecular orientation. Among four different volume fractions of 0.1%, 0.2%,

0.5% and 1% randomly oriented PAN nanofibre mats, the volume fraction of

0.5% PAN polymer was selected to manufacture aligned PAN nanofibres mat

strengthened hybrid composite based on the improved experimental randomly

oriented PAN nanofibre mats strengthened hybrid composites.

A series of tests showed that glass fibre composites (GFC) reinforced with the

volume fraction of 0.5% aligned nanofibre mats were better than those of 0.5%

randomly distributed nanofibre mats. The aligned nanofibre mat with reduced

diameter increased the tensile, flexural, and impact properties of glass fibre

composite by 68.91%, 95.32% and 45.30% respectively.

Aligned nanofibres mat was further utilised to align and disperse the pristine

and functionalized SWCNTs into the interlaminar region of fibreglass compos-

ite. Alignment and a nano-range diameter of nanofibres helped in improved

distribution and alignment of pristine SWCNTs (p-SWCNTs), which was re-

flected in an increase in tensile, flexural and impact resistance by 89.30%,

105.48% and 107.17% respectively. A nondestructive functionalization method

(Friedel craft alkylation) was used to improve the interface bonding of SWC-

NTs with the host PAN polymer nanofibre. PVA chains crafted to the surface

of the SWCNTs without damaging the wall was confirmed using FTIR and Ra-

man spectroscopy. The effect of functionalized SWCNTs (f-SWCNTs) doped

aligned PAN nanofibre mats improved the properties of nano-hybrid multiscale

composite up to 111.34%, 117.11% and 180.03% in tensile, flexural and impact

resistance respectively.

A multiscale model was used to determine the properties of the multiscale

nanohybrid composite strengthened with random and aligned PAN nanofibre

mats, PAN doped with p-SWCNTs and f-SWCNTs aligned nanofibre mats.

Three length scales, such as nano, micro and macro scales were modelled.

At first, a numerical model was developed to determine the elastic properties

of different carbon nanotubes (CNTs) i.e. Pristine and defective single wall

(SWCNTs), double wall (DWCNTs), and multiwall (MWCNTs) for zigzag
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and armchair configurations. CNTs atomic geometry was replicated with an

equivalent space frame structure (SFS). Co-ordinates definition of SFS of CNTs

was developed in MATLAB code and transferred to the finite element analysis

(FEA) software ’ANSYS’. The basic entity of SFS, C-C chemical bond was

designed as a circular beam of orthotropic properties. The properties were

determined by linking the energy equation of molecular mechanics to structural

mechanics along with the parametric study. The van der Waals forces between

inter-shell of DWCNTs and MWCNTs were modelled as linear elastic springs

in a simplified way. The simplified model avoided the problems due to the

nonlinear behaviour of van der Waals forces and improved the performance of

the FEA software by computational resources. The effect of chirality, vacancy

defects, different diameters and numbers of walls on elastic properties of CNTs

were calculated, tabulated and compared with each other. The result of the

proposed SFS model with orthotropic properties was compared with others

result. The SFS model is found better than the equivalent shell model as the

defects can be placed at the exact location and a more realistic behaviour

could be predicted. The SFS models could be developed with any type of

defects, a number of walls, van der Waals and agglomerated forms with variable

geometries.

Using the space frame structures (SFS) of SWCNTs, the nanoscale RVE of

PAN nanofibre doped with SWCNTs was modelled. Simulated results of

nanoscale RVEs were used to determine the equivalent properties of p-SWCNTs

and f-SWCNTs doped nanofibres, which were further used in microscale RVE

models. Four micro scale RVEs were developed to represent the random and

aligned PAN nanofibres mats, PAN nanofibres mat doped with p-SWCNTs

and f-SWCNTs aligned PAN nanofibres mat in epoxy matrix. Analysed micro

scale RVEs provided equivalent properties of interlaminar regions developed

with random and aligned PAN nanofibres mat, PAN doped with p-SWCNTs

and f-SWCNTs aligned nanofibres mat. At the macro scale, MNHCs were de-

veloped with equivalent interlaminar regions and analysed. The results of the

simulated MNHCs were compared with experimentally obtained results.

The results of the experimental study suggested that aligned nanofibres with

reduced diameter improved the properties of interlaminar region noticeably
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than the random nanofibres mat of the same volume fraction. Aligned nanofi-

bres successfully placed the pristine and functionalized SWCNTs within the

multiscale hybrid composites which significantly improved the properties of the

multiscale hybrid composite. Results of the multiscale modelling were in line

with the experimental results, which could be useful in extending the small-

scale theoretical results to the real-life applications.
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Chapter 1

Introduction

1.1 Background

Historically, men developed the �rst composite material out of mud and grass

straws for fabricating bricks for construction [1]. Sticking of wood parts into

diverse shapes has been used by the early Egyptians [2]. Concrete is another

ancient composite made of aggregates, sand, and cement and is still in use for

construction. Composite materials also exist in numerous natural forms such

as bone, wood, and etc.

The increasing demand of highly functional composite materials in many en-

gineering applications, such as aerospace, automobiles, ship buildings, subma-

rine, nuclear, sporting goods, heat protecting cloths, vehicle tyres, and chemical

facilities [3, 4] have forced the material scientists to develop new and innova-

tive materials. The primary objective of these materials is to o�er low weight

and enhanced structural properties considering the environmental factors [3]

and hence the development of composite materials has started. Besides weight

reduction, the composite materials are also found to be the replacements for

1
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the conventional materials, such as alloys, owing to their low cost, aesthetic

look, and easy availability [5]. In addition, the mechanical properties of these

composite materials can be tailored to the required design criterion by changing

the ratio of reinforcements and matrix materials [2]. For example, a laminate

can be manufactured from multiple laminae with desirable mechanical prop-

erties in di�erent directions [6]. These advantages have escalated the use of

�bre composites in various commercial and engineering applications.

A composite consists typically of binder and reinforcing material. The binder

is commonly referred to as a matrix, which includes metals, ceramics, and

polymers. The matrix holds the reinforcement, retains the composites shape,

and protects the reinforcements from the environmental hazards. The rein-

forcements are geometrically controlled constituents found in di�erent shapes

such as �bres, particles or 
akes, usually with high strength and modulus val-

ues. Various types of reinforcements, such as glass, aramid, carbon and natural

�bres are used for manufacturing composites. Based on the types of matrices,

the composites are commonly grouped into ceramic matrix, metal matrix and

polymer matrix composites. Among the other composites, the polymer matrix

reinforced with glass �bre composites are extensively used in various engi-

neering applications due to their ease in manufacturing, lightweight, improved

mechanical, and physical properties as explained before.

However, a number of factors limit their application as structural materials.

One such critical issue is the failure at the matrix rich interlaminar regions.

This is a common cause of catastrophic failure and is of critical concern in

commercial applications where the stress transfer between the load bearing

�bres and the matrix occurs [7]. Even, the composites with a higher volume

fraction of more than 60% are prone to the interlaminar failures [8]. Another

critical issue is the in-plane �bres orientation, which results in low resistance
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to transverse loads (through thickness) [9]. The inferior through thickness

strength is often the cause of delamination within the interlaminar region.

Hence, the researchers and engineers from industries have focused on using

secondary reinforcements in the form of nano�llers (carbon nanoparticles and

nano�bres) to strengthen the interlaminar regions. Kickelbick [10] suggested

that reducing the length scale of the reinforcing �llers to the size of organic

building blocks of polymer chains could improve the properties of the �nal

composite materials. These nanoparticles bene�t the composites by develop-

ing nanoscale straightened interface regions with their exceptional properties

(Table 1.1) [11, 12]. The combination of carbon nanoparticles and macro�bre

has a hierarchical structure (refer to Figure 1.1) ranging from nanoscales to

macro scales and is termed as multiscale nanohybrid composites (MNHCs).

Table 1.1: Mechanical properties of CNTs [13, 14]

S.NO
Carbon nanoparticles

(CNPs)
Young's Modulus Tensile Strength

1 Graphene 1 TPa 130GPa
2 Carbon nanotubes (CNTs) 1.2 TPa 50-200 GPa
3 Carbon nano�bres (CNFs) 240 GPa 2.92GPa

The nano�llers of di�erent types (nanoparticles and nano�bres) have been

used to improve the interlaminar properties [15, 16]. These reinforcements

include carbon nanotubes(CNTs) and nano�bres with dimensions in the range

of nanometer and can prevent the premature failure at the weak inter-laminar

region owing to their sizes [12]. Among these nanoreinforcements, carbon

nanotubes (CNTs) provide the utmost scienti�c interest due to their large

surface areas and extraordinary properties (refer to Table 1.1). However, the

researchers could not manage to utilize the full potential of CNTs due to their

inherent properties [9, 17], such as:

1. Agglomeration
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2. Misalignment

3. Poor interfacial adhesion

These challenges in using CNTs as reinforcements are discussed below.

Figure 1.1: Schematic of multiscale nanohybrid composite

1.1.1 Agglomeration of CNTs

The uniform dispersion of CNTs within the matrix system is essential for strong

interfaces between the matrix and CNTs. The CNTs have a strong tendency

to form �rm agglomerates (bundles) due to the electrostatic interaction and

van der Waals forces, which lead to poor dispersion of the nanotubes into the

matrix [18]. Theses agglomerations create micro and nano level cracks (voids)

(refer to Figure 1.2) within the matrix (interlaminar region), which is the most



5

common cause of premature failure and results in inferior mechanical proper-

ties [19{22]. The general mechanical process used for removing agglomeration

and improving the dispersion are magnetic stirring, calendaring, ball mill, ex-

trusion, and sonication [23]. However, the mechanical stirring could not break

the agglomerating bonds and are limited in capacity [24]. The sonication

method uses high-frequency ultrasound waves and is capable of breaking the

bonds with improved dispersion of CNTs [25]. However, longer duration of

sonication destroys the CNTs, thereby reducing their aspect ratio and proper-

ties. Furthermore, the CNTs dispersed using these methods can agglomerate

again with time and thus reduces the e�ectiveness of these techniques [26].

Therefore, there is a need for improving the dispersion of CNTs for improving

the interlaminar properties of the multiscale hybrid composites.

Figure 1.2: (a) agglomeration of CNTs and (b) nanovoids near agglomer-
ation [22]

1.1.2 Misalignment of the CNTs

The alignment of reinforcement in composites is another important param-

eter and the composite properties depend on the degree of alignment [27].

Conventional dispersion methods such as solution blending, in-situ polymeri-

sation and melt blending are unable to align the CNTs due to their nanosizes.
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Hence, other techniques have been suggested by various researchers to improve

the alignment such as Chemical Vapour Decomposition (CVD), Spinning Pro-

cesses (melt spinning, solution spinning, emulsion spinning) and Electrical or

Magnetic Field alignment. However, CVD causes damage to the host �bre sur-

face [20] and creates voids and air gaps. Spinning process can only produce

�bres having diameters in the range of micrometres [28]. The bigger diame-

ter of the �bres as compared to CNTs cause misalignment where the desired

improvement cannot be achieved. Electrical or magnetic �elds are also prone

to misalignment of CNTs due to �eld variation along the distance [29, 30].

Hence, the alignment of CNTs along the preferred direction still remains to be

addressed and an e�ective method is required.

1.1.3 Poor Interface Region between CNTs and Matrix

The interface region is a boundary where reinforcements and matrix come into

contact with each other as schematically shown in Figure 1.3. The load transfer

from matrix to reinforcement takes place through the interface region, which

has di�erent properties as compared to the reinforcements and the matrix.

Figure 1.3: Reinforcement-matrix interface/interphase region

The interfacial bonding between the matrix and the reinforcements takes place

mainly in one or more of the following ways (Figure 1.4) [31];
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� Mechanical interlocking/bonding

� Physical bonding

� Chemical bonding

Mechanical bonding creates frictional contacts through keying or interlocking

between the matrix and reinforcing materials. The frictional force due to inter-

locking assists in transferring the applied load from a matrix to reinforcements.

The extent of the frictional force depends on the wettability of the matrix and

roughness of reinforcements.

Figure 1.4: Schematic of di�erent interface region bonding types (a) Me-
chanical interlocking (b) Physical bonding (c) Chemical bonding [33]

Physical bonding refers to the secondary(weak) or van der Waals forces, hydro-

gen bonding and dipole interactions. These are intermolecular forces caused

by attraction or repulsion between molecules. Naturally, CNTs interact with

the surrounding matrix through van der Waals forces due to their inert nature,

which is insu�cient for load transfer at the interface region [23]. Chemical

bonding is created through covalent, non-covalent functionalization and sur-

face modi�cation of CNTs through surfactants and is considered more e�ective

than the mechanical and physical bonding [8]. However, the disadvantage of

the chemical functionalization process is that it creates defects in the structure

of CNTs, which signi�cantly reduces its mechanical properties [34]. Therefore,
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an e�ective functionalization method is required for improving the interfacial

adhesion.

1.1.4 CNTs doped nano�bre mats

As discussed before, the issues of misalignment, dispersion and interfacial ad-

hesion could be improved by doping the functionalized CNTs within nano�bres

and producing doped nano�ber mats. These CNTs doped nano�ber mats could

provide added advantages, such as

� Easy insertion between conventional fabrics, thus the addition of them

does not lead to a substantial increase in processing costs.

� Able to reduce the mismatch of ply properties between �bres and matrix

due to their uniform thickness along the interlaminar regions.

� Act as bonding plies that join the adjacent �bre plies without increasing

the thickness of the laminates.

� They are very thin, thus the addition of them does not add signi�cant

weight increase to the �nal composite material.

� The high percentage of porosity and irregular pores between the nano�bers

can lead to an inter-penetrated structure when dispersed in the matrix

and also increases the mechanical strength due to the mechanism of in-

terlock.

Although researchers use a number of methods to produce CNTs doped nano�-

bre mats, the electrospinning process is versatile for incorporating new tech-

nologies in producing nano�bre mats. The whipping portion of electrospinning
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jets have nanosize diameters and are vital for achieving nano�bres with im-

proved mechanical properties [35]. However, the randomly aligned nano�bres

mats produced by the conventional electrospinning process signi�cantly reduce

the desired mechanical properties of nano�bres [36]. Thus the currently used

electrospinning process needs to be modi�ed for producing aligned nano�bre

mats and aligned CNTs doped nano�bre mats, which are expected to further

improve the required mechanical properties.

1.1.5 Numerical modelling of CNTs and multiscale CNTs

doped nanohybrid composites

In addition to the experimental analysis, a number of numerical methods were

also developed in predicting the mechanical properties of single, double and

multiwalled carbon nanotubes. However, very limited research works were

focused on understanding the e�ect of orthotropic behaviour and vacancies de-

fect on the CNTs properties using molecular mechanics (MM) coupled with the

conventional �nite element analysis (FEA). The MM-FEA coupled numerical

analysis might provide the bene�t of both molecular and continuum scales for

obtaining the CNTs properties, which will further assist in selecting suitable

CNTs as a secondary reinforcement of multiscale hybrid composites.

Furthermore, it is also deemed necessary that the modelling of multiscale

nanohybrid composites (MNHCs) using the predicted CNTs properties will

bene�t in validating the experimental results. This validation will provide

opportunities for transferring the small-scale experimental results to the real-

life applications. The currently available numerical models were based on the

assumptions of perfect bonding between CNTs and matrix to ease the calcula-

tions and also ignored the e�ect of orthotropic behaviour and vacancies defect
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of CNTs within the interlaminar region and the overall mechanical properties

of MNHCs. Therefore, the numerical results may not be validated with the

experimental results [37{39]. Therefore, the present work aimed at developing

the numerical analysis of multiscale nanohybrid composites (MNHCs), which

can reduce the mismatch between experimental results and numerical predic-

tions. In this research, the numerical modelling of the multiscale nanohybrid

composite will focus on the following issues which were expected to provide

comparable results with low computation cost:

� Modelling the MNHCs interlaminar region with nano reinforcement.

� Using an equivalent true atomic structure of pristine and defected CNTs

with orthotropic behaviour rather than assuming the SWCNTs as rod or

cylinder in MNHCs.

� Modelling of the interface between SWCNTs and the surrounding poly-

mer as van der Waals interaction and covalent bond.

1.2 Research Motivation

The recent research works have proposed that the carbon nanotubes (CNTs)

could be used as secondary reinforcements for strengthening the interlaminar

region of polymer composites due to their superior mechanical and geometrical

(diameter and length) properties. However, there are a number of issues that

need to be understood for achieving the full potential of nano�llers (nano�bres

and CNTs) as an interlaminar strengthening mechanism. These factors are

generally associated with agglomeration (poor dispersion) and misalignment

of nano�llers and poor interfacial adhesion with the matrix. The above issues

have emphasised more focused research analysis for understanding the e�ect of
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nanoreinforcements for improving the interlaminar properties and the overall

multiscale hybrid composites. Figure 1.5 shows the shematic of the proposed

study;

Figure 1.5: Schematic of proposed study
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1.3 Problem Statement

In recent years signi�cant e�orts have gone into improving the interlaminar

regions using secondary nanoreinforcements and also for developing improved

multiscale nanohybrid composites (MNHCs). The nanoparticles, in particular,

the CNTs have the potential to improve the interlaminar region properties and

also expected to prevent the premature failure owing to their sizes [12]. These

particles develop an interface area with surrounding polymers and could have

much better properties than the bulk polymer [40]. The improvement of the

properties of the interlaminar region depends on;

� The homogeneous dispersion of CNTs, which increases the interfacial

area between CNTs and matrix as compared to entangled CNTs.

� The aligned CNTs, which o�er more resistance to the applied load, thus

improving the properties of the interlaminar region.

� The strong interfacial adhesion of CNTs with the matrix, which is ex-

pected to have improved mechanical properties.

However, current manufacturing techniques of MNHCs su�er from the disad-

vantages of agglomeration, misalignment, and poor interface bonding of CNTs

with the matrix.

1.4 Research Objectives

It is understood from the recent research works [41, 42] that currently very lim-

ited attention was given for using CNTs doped electrospun nano�bres mats for

strengthening the interlaminar properties. Moreover the dispersion, alignment
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[43], and the interfacial adhesion of CNTs [38, 44] remain a challenge, which

demands more innovative experimental and numerical methods [9, 18, 45].

Based on these requirements the following objectives are de�ned.

� Functionalization of CNTs using Friedel-Craft alkylation for improving

the dispersion and the interfacial adhesion of CNTs within the matrix.

� Combination of mixing processes (Magnetic Stirrer and Sonication) for

improving the dispersion of CNTs without destroying the aspect ratios.

� Improved alignment of the CNTs doped nano�bres using the modi�ed

electro-spinning technique to enhance the properties of the inter-laminar

region.

� Manufacture a multiscale nanohybrid composite (MNHCs) consisting of

CNTs doped nano�bres glass �bres.

� Experimental and morphological characterization of the MNHCs to de-

termine the e�ect of the aligned CNTs doped nano�bres mats on improv-

ing the interlaminar properties of the multiscale hybrid composites.

� Develop a modelling technique to characterize the pristine, defective and

multiwall CNTs.

� Based on the previous step, develop a numerical model for character-

izing the multiscale hybrid composites strengthened with pristine and

functionalized SWCNTs.

� Validate the numerical model with the experimental data.
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1.5 Thesis Layout

This thesis is organised into seven chapters as shown in the schematic (Figure

1.6). A general introduction along with the motivation, problem statement

and research objectives of the study are provided in Chapter 1. Chapter 2

includes a critical review of the interactive research of the interlaminar region,

CNTs, electrospun nano�bres and the numerical characterization methods.

Chapter 3 describes the manufacturing details of MNHCs. It includes the

functionalization method, two-step optimised dispersion of CNTs, modi�cation

of the electrospinning method and vacuum assisted resin transfer moulding

method.

Chapter 4 explains the manufacturing details of MNHCs along with the modi-

�ed technique of electrospinning process and discusses the Mechanical and mor-

phological characterization of the manufactured MNHCs. Chapter 5 presents

the details of the newly developed SFS model of the CNTs with orthotropic

material properties and compared with other studies.

Chapter 6 provides the details of the FEA model for MNHCs developed with

realistic interfacial bonds with pristine and functionalized SWCNTs and com-

pares the result of the experimental and numerical characterized MNHCs. In

Chapter 7, the conclusions and recommendations are brie
y mentioned along

with future work.
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Figure 1.6: Schematic of thesis layout



Chapter 2

Literature Review

Composites are used in a wide range of engineering applications substituting

the conventional materials for example steel [46, 47] and gained signi�cance

in di�erent high tech research �elds. Compared to conventional materials,

ceramic, metallic and polymer composites possess high strength-to-weight ra-

tio, high sti�ness, good resistance to fatigue and corrosion [5]. Composites

are developed by mixing two or more di�erent materials. Constituents of the

composites remain recognisable chemically and physically in the �nal product

and interact with each other through the inevitable interface region. Because

of interface regions, the �nal product has better or desirable mechanical and

physical properties, which can not be achieved separately with each constituent

alone. Wood is a naturally available composite made of lignin matrix holding

cellulose �bres. The humans have been developing the composites, beginning

from straw-mud composites to the latest metal and synthetic �bre composites.

Composite materials provide design 
exibility depending upon the constituents

ratio, geometry of reinforcements (particles, discontinuous, continuous) and

orientations. For example, long �bres placed in a single direction into the

16
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matrix provides strength in the same direction. While short discontinuous

�bres exhibit equal properties in all directions. Manufacturing processes also

impact the properties of composites. Composites developed with mouldings

have di�erent properties than hand lapping process. Figure 2.1 shows di�erent

types of composites, which are discussed in the ensuing paragraphs:

Figure 2.1: Type of composites

2.1 Conventional Composites

2.1.1 Ceramic matrix composite (CMC)

Ceramic matrix composite is the engineered combination of ceramic matrix

with ceramic �bre. The ceramic matrix includes carbides (aluminium carbide,

magnesium carbide, and beryllium carbide), nitride carbon, oxides (alumina,

zirconia), silicon borides, glasses, and ceramic glasses. CMC reinforcements

are graphite, nicalon and nextels. They are used in the form of continuous and

discontinuous �bres, whiskers and particulates. They have an excellent chemi-

cal stability, good fracture toughness, and are also less brittle compared to the

parent materials [53]. CMCs are used in aerospace, automobiles, turbines, jet

engines and cutting tools. The disadvantages of CMCs include high cost and

residual stresses during curing because of the di�erent thermal coe�cients of
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matrix and reinforcement. In addition, the manufacturing of CMCs requires

high temperatures, hence can only be manufactured with high-temperature

reinforcements [54].

2.1.2 Metal matrix composite

Metal matrix composite (MMC) is a mixture of the metal (aluminium, copper,

titanium, and magnesium) reinforced with tungsten carbide, silicon carbide,

and ceramic/carbon �bres [48]. Aluminium and titanium are commonly used

metal matrices because of their low speci�c gravity and availability in di�erent

forms of alloys. Other matrices include Magnesium, Cobalt and Nickel and

their alloys. Reinforcements are generally ceramics in the form of carbides,

oxides, and nitrides, except metallic wires due to their high sti�ness, speci�c

strength at ambient and elevated temperatures. Since, the MMCs have high

speci�c strength, speci�c modulus, toughness, surface durability and impact

resistance at elevated temperature [49], they are particularly used in space

industry (prototyping of space vehicle), commercial airlines [50], automotive

disk brakes and drill bits [51, 52]. The major disadvantages of MMCs are

the poor compatibility of the matrix with reinforcements which result in poor

interfacial properties and residual stress. In addition, these materials also have

a higher cost of manufacturing, high processing temperature, and complex

manufacturing methods.

2.1.3 Polymer matrix composite (PMC)

Polymer matrix composite (PMC) is made of polymer reinforced with �bres.

The advantages of PMCs are high speci�c strength and sti�ness, vibration
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damping properties [55], lower manufacturing costs and lightweight as com-

pared to metal and ceramic composites. PMCs are commonly used for building

ships and submarines, automobile and aircraft structures, sports equipment,

protecting armour and heat protecting cloths [56]. The properties of PMCs

depend on the type of matrix, reinforcements and aspect ratio of �bres (length

to diameter ratio) [57].

The polymer matrix can be classi�ed as thermoset, thermoplastic and elas-

tomers [58]. Thermoset polymer matrices are insoluble in solvents and have

higher mechanical and physical properties than thermoplastics or elastomers.

These are liquid at room temperature before curing and are irreversible once

cured. They have low molecular weight and viscosity. These qualities pro-

mote easy penetration of the matrix into the reinforcements and create a very

strong bond. Thermoset polymer composites are generally used in corrosive

and moisture environments due to their noncorrosive behaviour. Other advan-

tages include fatigue resistance, design 
exibility, strong adhesion and good

surface �nish. The generally used thermoplastics are Acrylates, Cyanoacry-

lates and Epoxy.

On the other hand, thermoplastics polymers are high molecular weight matri-

ces and have advantages, such as low cost, long shelf life, and easy handling.

These matrices are recyclable on heating and weldable with other composites.

However, recovery of reinforcement from the thermoplastic polymer compos-

ites is di�cult. Thermoplastic polymers include Polypropylene, Low and high

density polyethylene, Polyamides and unsaturated Polyesters [59].

The elastomer has high elongation and good elastic properties [60]. The

generally used elastomers are Natural rubber, Polybutadiene, Neoprene and

Silicon.
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The properties (strength and sti�ness) of the polymer composites mostly de-

pend on the reinforcements and the contribution of matrices is negligible. The

reinforcements are generally available in continuous and discontinuous forms.

Di�erent types of �bre reinforcements, such as glass, boron, aramid, and car-

bon, are available. They are very small in diameters ranging from 3� m to 25�

m. Due to very small sizes, these �bres are used in bundles as unidirectional,

bidirectional, random or woven mats.

Glass �bre composites (GFC) are an important type of PMCs and have gener-

ally been used in a number of commercial and engineering industries expected

to replace the conventional materials [61]. The GFC has superior mechanical

properties compared to the individual constituents. Though the glass �bre

composites are used in numerous engineering applications, a number of factors

limit their application as structural materials. The most common issue is the

emergence of the crack in certain areas of composites where low strength single

constituent of composite dominates and leads to total failure [58]. These areas

persist within the interlayers of reinforcing �bres and are termed as matrix rich

interlaminar regions as shown in Figure 2.2.

Figure 2.2: Inter-laminar region in composite material [8]
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As the weak interlaminar region has no �bre reinforcement it leads to di�erent

kind of failures like crack development or delamination during the expected

life of service [62]. Relatively weak interlaminar region limits the performance

of these materials and make them precarious in commercial applications. An-

other important issue is the out of plane crack propagation which breaks the

reinforcing �bres and results in low strength to transverse loads [64]. Lower

through thickness resistance leads to the delamination of the reinforcing �bre

layers.

The critical issue of PMCs can be improved by incorporating two or more dif-

ferent types of macro �bres into a single matrix termed as hybrid composites.

The secondary �bre can overcome the weaknesses of the other which result

in improved mechanical properties than the single �bre reinforced composites

[65]. However, the macro�bres hybrid composites are also susceptible to fail-

ure due to the presence of inter-laminar regions between the macro�bres [66].

The weakness of the interlaminar region is attributed to the hierarchical ma-

terial size gap between the matrix and macro �bres, which ranges from the

molecular size to the macrosizes. Therefore, it is necessary to overcome the

challenge of weak matrix-rich regions between the host material and reinforcing

macro�bres.

2.2 Multiscale Nanohybrid Composites (MN-

HCs)

Macrosize of matrix rich region led the researchers to use nanosized �llers

(nano�bres, carbon nanoparticles or both) to improve the strength of the inter-

laminar regions [16]. Nano�llers as secondary reinforcement can be promising

to improve the properties of the interlaminar region within composites [67].
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These particles bene�t the composites not only by their intrinsic properties

but mostly from its nanosizes (1-100 nanometer) which can signi�cantly in-

crease the properties of failure dominant interlaminar region [40]. Nano�llers,

speci�cally carbon nanotubes (CNTs) develop nanoscale interface regions with

matrix and resist the fracture within the interlaminar region by (i) crack bridg-

ing (ii) crack path de
ection and (iii) pull out of interfaced CNTs (Figure 2.3)

[68, 69]. Therefore, the MNHCs are expected to have improved mechanical

properties as compared to the macro�bre composites due to improved inter-

laminar region [70, 71].

Figure 2.3: (a) CNT bridging (b) CNT pull outs (c) crack path de
ection
[68, 69]

Beside achieving better performance, the MNHCs can be tailored to the exact

structural requirement at lower costs. Though the MNHCs can be produced

with di�erent kind of nanoparticles, carbon nanotubes (CNTs) processing with

�bres, as secondary reinforcements are low cost and simple compared to hybrid

composite of macro�bres. Such composites are coined as multiscale nanohybrid

composites (MNCHs).
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Several nano�llers of di�erent types (nanoparticles and nano�bres) have been

focused to improve the interlaminar properties [72]. These reinforcements in-

clude carbon nanoparticles (CNPs) and nano�bres which have dimensions in

the range of nanometer. Generally, CNPs have the basic structure of graphene

and has various distinct forms such as fullerenes, carbon nano�bre, carbon nan-

otubes and carbon nanobuds [73]. The size of nanoparticles varies between 1

to 100 nanometer. Graphene (Figure 2.4) is a two-dimensional material com-

posed of carbon atoms arranged in periodic hexagonal shapes. The stacks of

these sheets are commonly found in the form of graphite and are used in pen-

cils. Single layer graphene sheets have remarkable mechanical, electrical, and

thermal properties [74]. The reported strength of graphene sheet ranges from

0.7-7 Tpa [75, 76].

Figure 2.4: Graphene sheet (single layer)

Carbon nano�bres (CNF) are single or double graphene sheets rolled up he-

lically about the �bre axis as shown in Figure 2.5. These �bres have been

produced in the nanosize range of 100-500 nm with length up to 100� m [77].

CNFs are low-cost material as compare to the other CNPs like graphene and
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carbon nanotubes. Generally, CNFs are manufactured using pyrolysis of hy-

drocarbons such as methane gas or acetylene. Electrospun nano�bres are used

to produce the carbon nano�bres by the processes of stabilisation, carboniza-

tion and graphitization [78]. These processes are low cost and can yield mass

production of CNF [79]. The mechanical properties of CNF depend on their

diameters and its tensile strength vary from 1.77 to 2.2 GPa [14]. Hammel and

his co-workers [80] have reported improved e�ect of CNTs on the mechanical

properties of composites.

Figure 2.5: (a) TEM image of the cup stacked vapour grown CNF (b)
Schematic representation of CNF [82]

Carbon nanotubes (CNTs), a seamless cylindrical form of graphene were �rst

noticed by Iijima [81] . These tubes are found with open ends and sometimes
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capped with half fullerene molecules. CNTs have diameters in few nanometers

with di�erent lengths. Generally, these tubes have signi�cantly large aspect

ratios (l/d). These tubes are categorised in two di�erent ways; (i) according

to the roll-up angle of the graphene sheets which are described as Armchair,

Zigzag and Chiral as illustrated in Figure 2.6 (ii) and according to the number

of walls; single, double and multi-walled carbon nanotubes. A single-walled

CNTs is a rolled up cylinder of single graphene sheet; a double-walled CNT

is made of two concentric graphene sheets and a multi-walled CNTs contains

more than two concentrically rolled up graphene sheets (Figure 2.7).

Figure 2.6: Carbon nanotubes arrangements a)Armchair b) Zigzag c) Chi-
ral

CNTs exhibit excellent mechanical properties. These better physical and me-

chanical properties make CNTs highly desirable candidates as reinforcements

for MNHCs. Though several studies have been conducted on using carbon
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Figure 2.7: Carbon nanotube types a) SCNT b) Double wall CNT c)
Multi wall CNT[83]

nanoparticles as a strengthening reinforcement for polymer matrix [84], but

still many practical challenges concerning their fabrication need to be addressed

before the realisation of their full potential.

The challenges are [8, 18, 45, 85, 86]

� Uniform dispersion of carbon nanoparticles into the polymer matrix

� Insu�cient interfacial adhesion between the matrix and the carbon nanopar-

ticles

� Misalignment of CNPs within the polymer matrix

� Control and fabrication of aligned CNPs-doped nano�bres

2.3 Dispersion Processes of CNTs

High mechanical properties of CNTs make them desirable nano�llers to achieve

high-performance materials. However, nanotubes have the inherent nature of

attraction to each other due to van der Waals forces and hydrophobic behaviour

which results in the aggregation of these nanotubes and leads to the poor
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dispersion of the carbon nanotubes [87]. The agglomerated state of the CNTs

greatly reduces their highly expected performance in the engineering and other

research �elds [88]. The agglomerated CNTs cause voids and act as focal points

for the stress concentrations which result in under performances [86].

Fraczek et al. [89] practically examined the distribution e�ect of MWCNTs in

the PAN-composites. They found that the PAN nanocomposite prepared with

ill distributed MWCNTs lead to the agglomeration of the nanotubes and caused

the signi�cant reduction in the mechanical properties (54% decrease in Young's

modulus) compared to the neat PAN composite. While the second sample

with a better distribution of MWCNTs showed higher mechanical properties.

Yancheng Zhang et al. [43] used molecular dynamics model to study how

the agglomeration of graphene particles a�ect the strength of the nanohybrid

composites. They found that the single graphene sheet gave more strength

to the composite than the two agglomerated sheets. Further, they studied

that two separated graphene sheets showed higher strength to the previous

cases. FEA model of CNTs agglomeration in the polymers was carried out by

Aggeliki et al. [90] for better understanding their e�ect. They observed that

agglomeration of CNTs negatively e�ects the strength of polymers and this

e�ect increases with the increase in the number of CNTs. It was also noted

that the negative e�ect increased with the increase in the number of CNTs in

the agglomeration. Hence, the intrinsic agglomeration of the CNTs is a major

obstacle in its utilisation as secondary reinforcement.

Therefore, the degree of distribution of CNTs in the host materials is an impor-

tant parameter which can strongly a�ect the properties of the �nal composite

material [91]. Uniformly distributed CNPs o�er more area to interact with

the matrix, which can increase mechanical properties of MNHCs composites

by enhancing the interface region strength [92]. Di�erent techniques have
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been used to disperse the CNPs. The main methods are (a) Physical and (b)

Chemical process [12, 72, 93].

2.3.1 Physical methods

Calendering

Calendering technique uses three consecutive rollers to homogenise and mix

the viscous materials (Figure 2.8a). The gap between the consecutive rollers

decreases. First and third roller rotate opposite to the second roller. The vis-

cous material is poured into feeding cup and passed to the roller combination.

The rollers exert a shear force which disperses and homogenises the material

to a certain level depending upon the size of gaps. Researchers [18] have used

calendering process to disperse the CNTs in polymer matrices. However, the

minimum gap so for achieved between the rollers is 1-5�m , which is not su�-

cient to disentangle the agglomeration of size less than 1� m. In addition, only

viscous materials can be fed into rollers, which makes this process unsuitable

for thermoplastic materials such as polypropylene and polystyrene, etc.

Figure 2.8: (a) Schematic of calendering machine (b) Extrusion mixer [23]
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Extrusion

Extrusion process uses a double screw extruder to mix CNPs with thermo-

plastic polymer (Figure 2.8b). The mixture is fed into a hopper and high

speed rotating screws disperse the CNPs within the polymer. This technique

partially disperses the CNPs within polymer matrix [94].

Stirring

Mechanical stirring is a common and simple technique to disperse the CNPs

within the polymer matrix (Figure 2.9a: magnetic stirrer). In this technique,

mechanical or magnetic force rotates a propeller in a solution to disperse the

CNPs. The degree of dispersion depends on the speed and size of the propeller.

However, the mechanical stirring dispersion is less stable and tends to re-

agglomerate due to frictional contacts and elastic interlocking mechanisms [95].

Figure 2.9: (a) Magnetic stirring machine (b) Skech of ball milling [96]
(c) Sonicator

Milling

Ball milling is a grinding technique (Figure 2.9b), which is also used to disperse

the CNPs within the matrix [97]. This process uses small rigid balls in a closed
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container. On rotation of container, these tiny balls generate high pressure

due to collision with each other which disperses the CNPs into the solvent.

However, the ball mill process damages the structure of CNPs [23].

Sonication

Sonication is the most common method, which uses sound energy to disperse

the CNPs in host material (Figure 2.9 c). A source of high-frequency sound

wave agitates the CNPs in the solution, which separates these particles from

its bundles and disperses into the solvent. However, sonication time increases

with high concentrations of CNPs, which shortens the length of CNPs and

reduces the mechanical properties of composites [98].

2.3.2 Chemical dispersion methods

Chemical dispersion methods involve chemical modi�cation to the surface of

the CNTs and addition of polymer chains to the CNTs called surfactants [99,

100]. The object of these methods is to restrict the mobility of CNTs and intra-

CNT forces to prevent the agglomeration of the CNTs due to their hydrophobic

nature.

Generally, chemical modi�cation is done using acid treatments to graft the

di�erent functional groups through the covalent bond to the carbon atoms of

the CNTs [101]. These functional groups potentially interact with the host

materials and improve the dispersion of CNTs by restricting their movements

and overcoming the van der Waals forces [102]. Acid treatment also helps to

remove the carbon residues and catalytic materials used during the chemical

process. Typically used acids are nitric, sulfuric and combination of halogen
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groups with these acids. However chemical modi�cation damage the surface of

the CNTs due to covalent grafting of functional groups and most of these meth-

ods use long time sonication process which reduces the length of the CNTs.

Because of the reduced length, aspect ratio reduces and result in degraded

mechanical properties [103].

Noncovalent adherence of surfactants to the surface of the CNTs is a common

and easiest dispersion method. This method increases the wettability of the

CNTs and reduces the interaction between these particles [104]. Surfactants

are mainly divided into four types a) cationic, b) amphoteric. c) non ionic, d)

anionic [105]. These methods place the surfactant molecules between the CNTs

which reduce the van der Waals forces between these tubes and improve their

dispersion. However, the surfactant used for dispersion of CNTs are di�cult

to remove from the solution which limits the concentrations of CNTs into the

polymers and signi�cantly reduce their bene�ts [105].

2.4 Interface/interlaminar Region in the Com-

posites

In the polymer �bre composites, both constituents; matrix and reinforcing �-

bres retain their chemical and physical properties. However, their combination

produces a material with better mechanical properties due to the ineluctable

interface regions between the two constituents [106]. The interface region is

generated when the �bre is warped around by the matrix. The space between

the two interface regions where the only matrix persists is de�ned as interlam-

inar regions. Figure 2.10 explains schematically the phenomena of interface

and interlaminar regions. The properties of the interface region di�er from its
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constituents and de�ne the properties of the composite materials. The inter-

face region properties depend on the kind of interaction such as mechanical,

physical and chemical [107].

Figure 2.10: Fibre-Matrix (a) Interface region (b)interlaminar region [106]

Mechanical interaction occurs through the roughness of contacted surfaces

which provides resistance against applied forces, but provides little resistance in

transverse directions. Mostly, mechanical interface with the matrix is improved

by introducing the corrugations and pits using surface treatments. Residual

stresses during the curing and shrinkage process of �bre composites also im-

prove the anchoring of the �bres into the matrix. The presence of temperature

gradients during the moulding or manufacturing processes of composites also

serve as clamping force between the reinforcement and matrix. De-�brillation

of the reinforcing �bres using beating process can also improve the interlocking

strength at interface region due to increased contact surface area [108].

Physical interface mainly takes place through the electrostatic, van der Waals

forces and by creating surface polarity at molecular levels [107]. van der Waals

forces are generally attractive and arise due to interactions between di�erent

poles (induced or instantaneous dipoles) at the contacted surface. These poles

are even generated between neutral atoms. Electrostatically charged particles
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also serve as a binder between two mating surfaces. These charged particles

are either defects or adsorbed particles and may have attractive or repulsive

nature. Surface polarity can also be introduced through the addition of charged

groups like the hydroxyl and carboxyl groups. Di�erent approaches have been

used to increase the physical bonding such as electron radiation heat treatment,

ultraviolet and corona [109, 110].

Chemical bonding is considered as the most e�cient and oldest method to

improve interfacial properties. Generally, in this method, the surface of the

reinforcing �bres are changed chemically to form a new compound. This reac-

tion may change the surface roughness or may attach a functional group to the

reinforcing �bre which can create better interlock with the matrix at interface

regions. Chemical bonding includes a large number of methods like acetyle,

silane coupling, surface oxidations, alkali, acryl, isocyanate, Methacrylate ti-

tanate, Methacrylate zirconate, benzyl, and chloropropyl treatments [111, 112].

Though all these natural or manufactured interlocking bond methods have

speci�cally improved the properties of a interface region where the matrix

polymer chain are tightly bound to the reinforcing �bres [113]. However, the

mobility of the polymer chain at interlaminar regions (Figure 2.10) which are

matrix rich, is substantially high as compared to the interface regions. In

loading condition, stress concentrates on the matrix rich region provides an

easy initiation to the cracks [114]. Yancheng Zhang et al. [43] have observed

that the rupture starts in the polymer matrix rich region because its peak stress

and strain values are less than the �bre/polymer interface region. A crack can

be observed in the matrix rich region, initiated adjacent to the interface region

of AL-composite as shown in SEM image Figure 2.11.

The increased demand for high-performance composites in the research and

industrial areas have made the strength of the interlaminar region as the main
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Figure 2.11: Crack development at interface region in the composite (SEM
image) [115]

issue of interest. A possible solution to improve the interlaminar properties

is the incorporation of nano�llers as secondary reinforcement [16, 116]. These

nano�llers can resist the premature initiation of the crack in the interlaminar

region due to their high aspect ratio, intrinsic properties and gap reduction in

length scale between conventional �bre and matrix [10].

As discussed earlier, the carbon nanotube is the strongest nanoparticle and

considered a most suitable candidate as nano�ller [117]. These nanotubes have

two distinct properties; high aspect ratios (l/d) and nano sizes. High surface

area of CNTs results in a large interface region with the host material within the

interlaminar region. Therefore, the higher aspect ratio of CNTs can transfer

the load gradually and e�ciently from the matrix to the sti�er macro�bres

[113]. Nanosizes of this material can reduce the length scale mismatch between
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the polymer chains and macro�bres, which will result in low imperfections in

the interlaminar regions. These nano�llers are required in a very low mass,

hence do not have a noticeable e�ect on the geometry and weight of the �nal

composite along with the cost.

Although enormous e�orts have been made to improve the interlaminar region

properties using the CNTs as nano�ller in various polymer composites, how-

ever, mechanical properties corresponding to the high properties of the CNTs

have still not been achieved [118]. One of the major issues is the poor interface

mechanism between the CNTs and matrix which substantially reduces the re-

inforcing e�ect of CNTs [20]. The strength of the interface adhesion between

the reinforcement and matrix determines the ability of load transfer from the

matrix to CNTs. Therefore, better interfacial adhesion leads to better me-

chanical properties [72]. The interface mechanism of CNTs and its improving

techniques are presented next.

2.4.1 Interface mechanism of CNTs with host materials

Naturally, pristine CNTs are chemically inactive and form only physical contact

through van der Waals forces with the matrix, which has a low mechanical

strength and less e�cient in load transfer [23]. Therefore, to develop composite

material with high mechanical and physical properties, CNTs are required to

have a strong connection with the matrix materials. Di�erent methods have

been utilized to improve the bonding of CNTs in the interlaminar region of

the matrix to increase its resistance in loading conditions. These methods can

be divided mainly into two types (i) physical bonding (ii) chemical bonding

[24, 119].
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Chemical bonding method uses two di�erent approaches to increase the reac-

tivity of CNTs with the matrix material. In the �rst method, it links di�erent

functional groups to the carbon atoms of the CNTs using a covalent bond.

These groups can be attached to the surface or ends of the carbon nanotubes.

CNTs can have defects like vacancy, stone wall, structure irregularities (pen-

tagon or heptagon). These defects can be naturally or arti�cially generated

through a chemical process. In the second method, these defect sites are at-

tached to the hydroxyl (OH) of carboxylic groups (COOH). CNTs function-

alized using covalent bonds can create a strong interlink with the polymer

matrices. As a result, the interlaminar regions strengthened with chemically

functionalized CNTs can have resistance to the applied loads. These methods

include oxidization, functionalization through amine [120] chlorination, 
uori-

nation [121], hydrogenation [122] and carboxyl groups (-COOH) [123]. These

processes reduce the inertness of CNTs and increase their reactivity with the

matrix materials. Figure 2.12 shows carbon nanotube functionalization with

di�erent groups.

Covalent bond produced during chemical functionalization can provide im-

proved interlaminar region and e�ective load transfer. However, this function-

alization chemical reaction and its combination with sonication process cause

damage to the structure of CNPs. These damages can not prevent and in some

cases severely damage the large aspect ratio and turn CNTs into small lengths.

The defects and low aspect ratio due to the chemical processes deteriorate the

reinforcing properties of the CNTs.

In the physical bonding methods, the CNTs are warped around by the polymer

chains or surfactants to functionalize [100, 125]. The researchers are concen-

trating on the physical functionalization methods due to their advantage over

the chemical functionalization, as the CNT structure is either not damaged or
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Figure 2.12: (a Defective chemical functionalization, (b) Sidewall func-
tionalization, (c,d,e) Physical functionalization (nan covalent) [124]

is less damaged. Another method endohedral is also used in which a group

of molecules is stored inside the CNTs[126]. Generally, physical bonding is

noncovalent which is less stronger than covalent bonding. Despite large e�orts

in the area of the functionalization process, the structural damages still exist.

The functionalization process is not mature due to the use of a large num-

ber of di�erent materials and methods associated with di�erent uncontrolled

variables.
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2.5 Alignment of Carbon Nanotubes (CNTs)

The geometrical orientation of CNTs within the composite material determines

the mechanical properties of multiscale nanohybrid composites [127, 128].

CNTs possess high mechanical properties only in the direction of the length,

therefore their intrinsic high strength can be utilized if they are incorporated in

the preferred direction into the composites. The aligned CNPs can enhance the

mechanical properties of composites in their direction and provide better con-

trol of mechanical properties as compared to random dispersion [122]. Zhou

et al. [21] reported that the nanocomposite with aligned CNTs can have supe-

rior mechanical properties than the nanocomposites with randomly dispersed

CNPs in a particular direction. Preeti Joshi et al. [129] analysed the orien-

tation e�ect of the CNTs in nanocomposites. Among the four models, they

observed highest Young's modulus for the nanocomposite with aligned CNTs.

Figure 2.13 shows the strengths of di�erent nanocomposites with respect to

the CNT's orientations.

Simple mixing of CNTs with the polymer matrix or sprinkling can generate

composites with random orientated CNTs. As the CNTs cannot be manufac-

tured in larger lengths like the conventional �bre, this has made it di�cult

to align these particles using direct mechanical methods. Even higher concen-

trations of CNTs, which may seem desirable to achieve high strengths, reduce

the degree of alignment of CNTs because of agglomeration and di�culty in

motion [130]. All these di�culties have made the incorporation of CNTs with

preferred orientation a challenging task.

The smaller diameter of CNTs has high existential 
ow which can help to align

these nanoparticles. This means that if the CNTs are placed in a 
owable liquid

material having a high molecular chain system, then the alignment of host
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Figure 2.13: (a) Model 1, (b) Model 2, (c) Model 3, and (d) Model 4 [129]

material can provide a preferred direction of CNTs. However, to restrict the

orientation and reagglomeration of these materials, the host material should

have a size in the range of few nanometers with quick solidi�cation property.

For this purpose, a number of techniques have been used to embed the CNPs
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using polymeric macro and nano�bre into the composite. Conventional tech-

niques include; melt spinning [131], solution blending, and in-situ polymeriza-

tion [15]. Shear force using injection method can also help in the alignment

of the CNTs within the composite structures [132]. These techniques are only

capable of random dispersion of CNPs with low concentrations and can not

align the CNPs in the matrix due to �bre diameter (2 �m ), which is much

higher than the CNTs.

Other techniques have been developed to align the CNPs such as dry spinning,

spinning process ( melt spinning, solution spinning, emulsion spinning), slicing,

spray winding [133], and electrical or magnetic �eld [29] and growth of CNPs

on �bre surface using catalytic thermal chemical vapour deposition technique

[20]. However, these techniques have limitations shown in Table 2.1 [15, 30].

Table 2.1: Alignment methods of CNTs and their disadvantages

S.NO Method Limitations Disadvantage

1 Dry spinning Shortness of �bre array
Low mechanical
Properties

2 Slicing method Short array of CNPs
Same

3 Electrical and Magnetic �eld
Alignment varies with
�eld strength

4
Catalytic thermal chemical
vapour deposition technique

Metal catalysts creates
defects on �bre surfaces

Owing to the limitation of these methods especially the alignment of CNTs over

the small area only, their counterpart electro-spinning has attracted remark-

able attention and o�ers several advantages. Electrospinning is the simplest

method to create the �bres in nano sizes of a long polymer chain, which have

the potential to align the CNTs over large area [134, 135]. It can also improve

the dispersion of the CNTs which can increase interface region lengths within

the composites. Moreover, the nanomates sizes are desirable with negligible

weights and can be manufactured using di�erent materials according to the re-

quirement of the application. These nanomates can also reduce the mismatch
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between CNTs/polymer chains and macro�bre, which will prevent the develop-

ment of a sudden crack in the interlaminar regions. Ben et al. [136] observed

that electrospun nano�bres doped with MWCNTs increased the strength of

poly-phenylene isophthalamide. However, they also experienced a decrease

in strength for high concentration (1% wt) of MWCNTs due to agglomera-

tion and misalignment. Leonard's team [137] also experienced an increase in

tensile strength and Young's modulus of electrospun polymer nano mat doped

with MWCNTs, but they also pointed out the possibility of agglomeration and

non-uniform dispersion of CNPs withincreased concentration, which lowers the

mechanical properties.

Zhiqiang Su's group [35] conducted a detailed study to determine the e�ect of

the electrospinning process on alignment and dispersion of carbon nanotubes

(CNTs). They inferred that the nano�bres doped with CNPs can be aligned

with electrospinning techniques, which will improve the mechanical properties.

However, they suggested further research to �nd how the diameter variation

in nano�bres can be controlled and the e�ects of input parameters involved in

the electrospinning process on the alignment of CNPs. Reneker et al. [138]

observed that the optimization of the properties (elongation, diameter, and

path) of the jet formed during electrospinning process and the concentration

of the solution is required to achieve better alignment of CNTs.

2.5.1 Electrospinning technique

Electrospinning of polymer solution is a simple technique to produce the �bres

of di�erent diameters ranging from micron size to the nano sizes. Generally,

electrospinning technique comprises of a high voltage source, a polymer solu-

tion along with continuous feeding source, a conducting spinneret (needle) and

a �bre collector plate or drum. Figure 2.14 shows the sketch of a fundamental
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electrospinning technique. The terminals of high voltage source are connected

to the spinneret and the collector.

Figure 2.14: Simple schematic of electrospinning technique

A polymer solution is then fed to the spinneret through the feed pump. As the

drop of the polymer solution appears at the tip of the spinneret, it gets charged

and forms a cone shape pointed towards the collector plate due to electrostatic

charge. When the electrostatic charge overcomes the surface tension of the

polymer solution, it issues the jet. The solvent used to make the polymer

solution starts evaporating as it travels towards the collector plate. As a result,

continuous thinning polymeric �bre is formed. During the 
ight, polymer

solution experiences di�erent forces like electrostatic, rheological, aerodynamic,

internal and gravitational [139]. Under these forces, the polymer jet starts

whipping along complex spiral paths and random �bres are obtained as shown

in Figure 2.15.

Historically the production of nano�bres using electrospinning apparatus was

reported in 1934 by Formhals [140]. He used an electrical charge to develop

arti�cial �bres. Later in the 1960s, Taylor studied the formation of the �bres

using electrospinning. He found that polymer droplet changed to a cone shape,
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Figure 2.15: Electrospun PAN nano�bres

which was later converted into the jet under the electrostatic charge [141]. In

the current literature, this cone shape is coined as 'Taylor cone'. This technique

gained popularity in the research �eld after the publication by Doshi et al.

[142].

In the last decades, the researchers have extensively explored the bene�ts

of electrospun nano�bres in di�erent �elds like nanohybrid composites, tis-

sue engineering, separation and �lter membranes and nanoelectronic devices

[35, 143{149]. Though the electrospinning process setup is easy to build, how-

ever, to generate a nano�bre with the desired diameter, orientation, and, con-

trolled deposition is still a challenge being investigated. There is a number

of parameters involved in the electrospinning which is interconnected to each
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other [150]. The simultaneous optimisation of these parameters are very dif-

�cult and compel researchers to compromise on some of the aspects of the

nano�bres like diameter, alignment, strength, and deposition etc. Electrospin-

ning process has the following main parameters, which a�ect the strength,

shape, diameter, and, quality of the produced �bres :

� Polymer material: Nano�bre properties depend on the type of material

and its molecular weight used in the electrospinning process. Molecular

weight directly a�ects the morphology and diameter of the electrospun

nano�bres. Smaller diameter can be produced using lower molecular

weights, however, at very low molecular weights, beaded �bres are pro-

duced [151]

� Concentration of polymer solution: Thickness of nano�bres is directly

proportional to the density of the solution. The diameter of Electro-

spun �bres increases with the increase in polymer concentration due to

increased polymer in the jet and less solvent to evaporate. However, a

very high concentration of �bres reduce the polymer crystal structures

which results in low mechanical properties [152]. Reduced polymer con-

centration can result in a smaller diameter which is considered good in

mechanical strength. However, highly reduced polymer concentration

produces �bres with beading or splashes [153].

� Spinneret-to-collector distance: Nano�bres thickness, density, homogene-

ity, and, distribution depends on the distance between spinneret-to-collector

because they serve as the terminals of the battery (spinneret as anode

and collector as a cathode). Usually, the distances vary between 8 cm

to 30 cm. Some researchers [154] claim that distance variation a�ects

the diameter while the others [155] suggested that diameter does not
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change with distance and is rather more dependent on the concentra-

tion and another parameters like solution viscosity, applied voltage and

rate of evaporation. Therefore, for each concentration of the solution,

an optimum distance is required. Small distances between spinneret and

collector will produce wet �bres due to low evaporation of solvent while

too large distance produces splashes or beaded nano�bres [156, 157].

� Flow rate: Flow rate also a�ects the nano�bres thickness, density, homo-

geneity, and, distribution. Lower 
ow rates are more suitable to produce

smaller diameter with uniform thickness. Solvents �nd more time to

evaporate with lower 
ow rates along with stable Taylor cones which re-

duces the beads in the �bres [156]. While the higher 
ow rates destabilise

the Taylor cone and more polymer at the spinneret tip cause increased

diameter along with variation in the sizes of �bres [158].

� Voltage: The applied voltage between needle and collector plays a vital

role in the production of nano�bres. A jet can be issued from the Taylor

cone only if the value of applied voltage is more than the surface tension of

the subjected polymer solution. Generally, the voltage for electrospinning

is adjusted according to the 
ow rates with visual observation. High

voltages relative to the 
ow rates create high-speed jets which result in

wet �bres of variable size along with beads and unstable electrospinning

process [159]. The e�ect of optimum voltage on the �bre diameter varies

with the type of polymer solution and there is a di�erence of opinion

regarding voltage e�ect [155, 156].

� External factors: Surrounding environment of electrospinning process

a�ects the properties and structure of the �bres. The humidity of the

environment is the most important factor which a�ects the morphology

of the �bres [160]. Higher humidity negatively e�ects the electrospinning
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process as the �bres start absorbing the water content which results in

beaded �bres. Similarly, very low humidity breaks the nano�bres [161].

Temperature is another external parameter which can a�ect the �bres

structure as the viscosity of polymers changes with temperature. How-

ever, these changes are considered small and ignored most of the time

[162].

Brie
y, to produce the uniform �bres with �ne molecular chains requires the

optimum values of the above-mentioned parameters.

Jet path description and alignment

The electrospun polymer jet can be divided into two parts: near �eld and

far �eld as shown in Figure 2.16. In the near �eld, the jet takes a straight

path away from the spinneret and then starts whipping in a complex path due

to electrical, gravitational and rheological forces [14, 15]. The far-�eld �bres

attain the nano sizes which can align the CNTs along their length directions

[27]. However, in the far �eld �bres travel along unstable helical paths which

results in random �bres with the variable diameter at the time of collection

[45]. The randomness of nano�bres results in a variable molecular orientation

which reduces the mechanical properties [163].

This pragmatic issue was addressed by using di�erent types of collectors such

as static thin parallel collectors [164], and thin rotating collectors [165] (Figure

2.17a and b). But these methods are limited to producing a thin strip of

aligned nano mat due to geometrical constraints and are unable to cover larger

widths with aligned nano�bres [166]. In addition, aligned nano�bres produced

through above-mentioned methods, can not be transferred without damage

to the substrate of application. Nano�bre mats with larger width can be
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Figure 2.16: Electrospinning process

produced using cylindrical drum collectors (Figure 2.17 c). However, with this

method, only random �bres can be collected [167] and these path variations

cause randomly oriented nano�bre mats over the collector.

Figure 2.17: (a) Thin drum collector, (b) Parallel plate collector, (c)
Cylindrical collector [166]

Some researchers have achieved controlled deposition of electrospun �bres in

the near �eld using cylindrical drum but �bres were of large diameter which

lowers their mechanical properties due to low aspect ratios [168]. Researchers

[169] have used auxiliary electrodes with an auxiliary �eld to align the �bres
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over the rotating collector. These methods [168{170] have reduced the target

area and whipping instability but increased the complexity of the system by

using auxiliary electric �elds. Moreover, these systems avoid multi-spinneret

systems due to clogging phenomena, hence they have limited nano�bres yield,

which makes them un�t for commercial use. Multi-spinneret electrospinning

systems increase the yield of nano�bres, however, each spinneret of this system

acts as an auxiliary electrode for the other spinnerets and causes clogging and

variable diameter due to self-repulsion between the jets [171]. Despite all e�orts

like general electrospinning, centrifugal spinning, electrospinning with a thin

collector, parallel collectors, auxiliary �eld, none of the method has achieved

aligned and controlled deposition of CNT-doped nano�bres mat over the large

areas which can be used as strengthening mechanism within the interlaminar

region.

2.6 Multiscale Manufacturing of Composites

A number of techniques are used to manufacture the multi-scale nanohybrid

composites at the higher scale of lengths. Among the various manufactur-

ing techniques, liquid composite moulding has gained popularity due to low

equipment cost, simplicity and relatively short cycle time. Liquid compos-

ite moulding technique includes resin transfer moulding (RTM) and vacuum

assisted resin transfer moulding (VARTM) [172].

RTM process uses �bre preform, which is packed into a bottom mould cavity

of the desired shape. The mould is then assembled and �xed with clamps.

The mixture of hardener and resin is then pumped into the mould cavity,

evacuating the air through the edges till complete �lling. This process has

a good control of resin content, produces high quality of composites and is
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suitable for mass production [173]. Vacuum assisted resin transfer moulding

(VARTM) is a one-step advance closed moulding process as shown in Figure

2.18. This method uses a vacuum pump attached at the corner of upper die

plate to suck the air from the cavity. The vacuum causes the resin to 
ow

through the dry fabrics via an inlet pipe attached to the opposite corner of

the die. The process continues until the resin begins to enter into the vacuum

cylinder. The VARTM method requires less injection pressure as compared

to RTM, which reduces the cost of equipment. Hence, it is more suitable for

complex/large shapes components [174].

Figure 2.18: Vacuum assisted resin transfer method

2.7 Numerical Modelling of MNHCs

Experimental and theoretical approaches are used to optimise, characterize and

analyse the nanohybrid composites [39]. Most of the literature show enormous

experimental work going on to achieve the best results in the said �eld. Despite
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tremendous experiments, results have shown variation in mechanical proper-

ties [32]and there is no standard method to evaluate these properties. From

the viewpoint of the mechanical properties of composites, the determination

of load transfer at CNPs-polymer/epoxy interface region is vital. Limitation

factor such as nanoscale, cost and time associated with the experimental deter-

mination of the interface region led the researchers to develop the theoretical

techniques to improve the prediction of properties. The following di�erent ap-

proaches are reported in the literature to characterize the composite materials

[175].

2.7.1 Analytical methods

Analytical methods use algebraic and calculus tools to solve elasticity equations

for evaluating the approximate properties of composite materials. This method

gives a quick solution and uses simple mathematical equations as compared

to other methods [176]. Analytical methods include the following techniques

[176];

� Rule of mixtures

Ecm = vf E f + (1 � vf )Em Equation of Young's moduli by Voigt [177]

(2.1)

Ec =
E f Em

Emvf + E f (1 � vf )
Equation of Young's modulus by Reuss [177]

(2.2)

� E�ective �eld Models
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CMAT =
Cm + [ Vf :(Cf � Cm )AEshelby ]

Vm: I + Vf :(AEshelby )
Mori-Tanaka Model [178]

(2.3)

where

AEshelby =
1

I + E
Cm

(Cf � Cm )
Eshelby tensor [178] (2.4)

� Cox model

Ec = E f vf n1 � vmEm Equation of Young's modulus by Cox [179]

(2.5)

These models use di�erent parameters to analyse the nanocomposites e.g. ori-

entation, aspect ratio, volume fraction and reinforcement e�ciency. But these

models deal only with some speci�c composites with simple geometry and

global mechanical properties which can be easily approximated [38]. These

models cannot evaluate the complex system of composites (random heteroge-

neous materials) and e�ects of small lengths e.g. orientation, and interface

region in nanocomposites.

2.7.2 Continuum mechanics

Continuum mechanics (CM) predicts the mechanical behaviour of materials as

continuous mass. The solution of CM problems is approximated through �nite

elements analysis (FEA). A representative volume of composite materials is

analysed and the results are interpreted for whole composites [180]. Ehsan

[181] used ANSYS software to model representative volume element (RVE)

of composite material with randomly dispersed CNTs having variable length
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and diameter. Three solid concentric tubes of properties equivalent to CNTs,

interface region, and matrix respectively, were analysed through �nite element

analysis with di�erent mesh sizes. Figure 2.19 shows the proposed RVE.

Figure 2.19: Representative volume element [181]

The research declared that the non-linear behaviour of the composite material

is caused due to geometric e�ects of the model and the properties assigned

to the RVE's at di�erent sections. The strength of composites depends on

the shearing strength of the interface region developed between CNTs and

polymer. However, the simulations showed a higher strain rate at high stress as

compared to experimental values since the FEA simulations ignore the voids.

These voids are unbounded clusters made by agglomerated CNTs resulting

from long range interactions [182]. These clusters decrease the mechanical

properties of composites [133].



53

2.7.3 Molecular dynamic simulations (MDS)

MDS technique studies the behaviour of the composites materials at atomic/-

molecular level [183]. These studies are based on mathematical expressions of

Newtonian classical mechanics (laws of motion, conservation of energy, mass,

linear momentum and angular momentum) and can provide more details re-

garding inter-atomic interactions. Inter-atomic forces are calculated by deriva-

tion of energy functions (potential �elds) [184]. Mathematically;

F = � dU(r )=dt Force (where U is energy function) (2.6)

U(r ) = Ucovalent + Unon � covalent Energy function (potential Field) (2.7)

U(r ) = Ubond + Uangle + Udedral + Uelectrostatic + UvanderW aals (2.8)

Potential �elds are the mathematical representation of potential energies of

the system of particles, which depend on the type of atoms to be simulated.

Some of the potential �elds are Terso�, REBO (Reactive empirical bond order),

Morse potential �eld and AIREBO (adaptive intermolecular reactive empirical

bond order). However, MD simulations can handle simple atomic structure

and a limited number of atoms in simulation, which reduces its capability to

predict the behaviour of complex structure and a bigger system [46].

Researchers [183, 185] have used Molecular dynamics simulation software

(LAMMPS ) to characterize the triple-walled CNTs based composites. A rep-

resentative box of the composite at the nanoscale within�nite replicas was

examined by applying force in the single direction through MD software. Dif-

ferent volume fractions and dispersion con�gurations were used in simulation

to determine the e�ects of interface region on macroscale elastic properties.

But the research showed higher modulus values than actual values. The cause
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of this error may be the use of single direction analysis, �xed arrangement and,

the orientation of CNTs within the polymer.

2.7.4 Equivalent continuum model (ECM)

Majority of techniques currently employed to determine the CNT-doped poly-

mer nanocomposite properties are indirect inferring of strength by applying

above mentioned techniques. To overcome the limitation of MD, MM, and

conventional CM methods, an equivalent continuum model (ECM) of atomic

structure was proposed to characterize the behaviour of CNT and its nanohy-

brid composites at the coarser end of length scale [186]. Usually a three dimen-

sion representative volume unit (RVE) is developed which composed of matrix

material and the CNTs. The matrix material is modelled as continuous mate-

rial while the CNTs are represented as continuous shell or beam.

The above mentioned techniques have been used in many recent researches to

evaluate mechanical properties of nanohybrid composite materials at di�erent

scales. These include, 'Multi Scale Finite Element Approach', in which author

claims to use heterogeneous approach �rst time [187]. The research shows

that the load transfer in nano composite material is characterized by volume

percentage, geometry of CNTs and the interface region between constituents.

But the study only considered the long �bres aligned with matrix, ignored the

details of structure of matrix and bonded/non bonded elements for reducing

computer cost and simplicity. The non bonded elements (CNTs/Graphene)

are empty spaces which have negative impact on the strength of composite

materials [54].

In another study, nanocomposites are characterized and evaluated through

'Atomistic Based Continuum (ABC) Multiscale Modelling' technique [84]. The
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representative volume element (RVE) of cylindrical shape composed of CNT

surrounded by matrix is examined. CNTs were modelled like a structure, in

which carbon atoms acted as node and C-C bond as solid beam, and the prob-

lem was treated as traditional FEA problem. The inter-atomic potentials,

Modi�ed Morse and Lennard Jones were used to create covalent bond within

CNT and CNT matrix bonds (Van der Waals) respectively. This characteri-

zation was also based on assumptions e.g. non-bonded interactions, assumed

density, simple polymer chains, �xed number of CNT bonds with matrix and

negligible voids. All these assumptions are considered due to Molecular Dy-

namics software, limitations and for simplicity.

Qian jiang et al. [133] used molecular dynamics simulation LAMMPS to char-

acterize the triple walled CNT base polyimide composite. A representative

box of composite at nanoscale within�nite replicas was examined in NVT en-

semble by applying force in single direction through MD software. Di�erent

volume fraction and dispersion con�gurations were used in simulation. But

the research showed higher modulus values of polyimide and CNTs than ac-

tual values. This error may be the cause of single direction analysis, �xed

arrangement and orientation of CNTs within polymer.

Various studies have applied di�erent methods to characterize the properties

of nanohybrid composites. A mismatch of theoretical and experimental results

exists in all the studies and the reasons may be the approximation and assump-

tion in theoretical methods, and limitation of computational power etc. Hence

new and accurate modelling techniques are required, which can overcome the

existing gaps.
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2.8 Conclusion

The literature review of previous studies and experimental works highlighted

that the nanoparticle like CNT is a potential candidate as a secondary nanor-

einforcement and can improve the matrix rich interlaminar properties. How-

ever, researchers are facing problems in the development of MNHCs using

CNTs. These issues can be summarised as uniform dispersion, alignment and

interfacial adhesion of CNTs within the polymer composites. The literature

shows that if the CNTs are placed in the electrospun nano�bres having a high

molecular chain system, then the alignment of host material can provide a

preferred directions to the CNTs. However, the randomly oriented electrospun

nano�bres do not align the host CNTs and reduce the mechanical properties.

The randomness of the nano�bres make the general electrospinning technique

unsuitable for producing CNTs doped aligned nano�bres.

The literature also shows di�erent attempts to align the nano�bres using mod-

i�ed electrospinning technique which fell short due to limited area deposition

and complexity of the systems. These methods include a di�erent kind of col-

lectors and use of auxiliary voltage sources. Recognising the shortcoming of

the previous research in utilising the CNTs as a secondary nano�ller using a

di�erent kind of dispersion, functionalization and incorporation methods. This

study aims to utilise the following steps to achieve the objectives set out by

this study in Chapter No:1.

� Combination of di�erent mixing processes (Magnetic Stirrer and Sonica-

tion) to disperse the SWCNTs within the polymer solution.

� E�ect of Friedel-Craft functionalization of CNTs on the interlaminar re-

gion properties of MNHCs.
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� E�ect of nano�bres' orientations on the properties of the inter-laminar

region.

� Experiments to understand the e�ect and optimisation of auxiliary verti-

cal electrodes (AVEs) on the orientation of CNTs-doped nano�bres along

with other parameters like polymer solution concentration, number of

spinnerets, voltage, spinneret collector distance and humidity etc.

� Develop a modelling technique to characterize the pristine, defective and

multi-walled CNTs along with van der Waals forces which can reduce the

gap between experimental and numerical values.

� A realistic model of the interlaminar region within the MNHCs having

pristine and functionalized SWCNTs.

� Evaluation of experimental and modelling analysis.



Chapter 3

Methodology

A detailed methodology including the experimental design, manufacturing

method, and experimental analysis for improving the interlaminar properties

of multiscale nanohybrid composites was presented in this chapter. The sec-

ondary reinforcements were used in the form of CNTs-doped PAN nano�bre

mats. The experimental methodology is shown as a schematic in Figure 3.1.

Di�erent volume fractions (16%, 24%, 32% and 40%) of glass �bre and epoxy

polymer matrix were selected for fabricating the glass �bre composites and

were tested to obtain their properties. After optimization of the �bre glass

composites, two types of secondary reinforcements were produced for improv-

ing the interlaminar regions;

� Randomly oriented PAN polymer nano�bres mats

� SWCNTs doped Aligned PAN polymer nano�bres mats

58
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Figure 3.1: Schematic of proposed methodology

Four di�erent volume fractions 0.1%, 0.2%, 0.5% and 1% of randomly ori-

ented nano�bre mats were tested and the best combination of Randomly ori-

ented PAN polymer nano�bres mats with 32% glass �bre multiscale nanohybrid

composites were selected for producing aligned single-walled carbon nanotubes

(SWCNTs) doped PAN polymer multiscale nanohybrid composites. However,

for doping, only 0.25 vol% SWCNTs was selected. The reason behind selecting

one volume fraction was based on the results from Pilehrood et al. [188]. Their

results showed that the viscosity of the PAN/DMF solution (1.2 Pa. sec) was

not altered by the additions of 0.25 vol % SWCNTs.
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Figure 3.2: Manufacturing steps of the multiscale nano hybrid composite
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However, for the increase in SWCNTs concentration to 0.5%, the solution vis-

cosity was also increased from 1.2 to 51.9 Pa.sec and makes the solution di�cult

for electrospinning resulted in beaded �bres with larger diameters. Therefore,

to achieve the desired nanosize PAN nano�bres and also for comparing with

randomly aligned PAN �bre mats, the maximum amount of 0.25% volume

fraction of SWCNTs was added to the PAN/DMF solution for manufacturing

aligned CNTs doped PAN nano�bre mats. Both the pristine and functionalized

SWCNTs were used for producing the CNTs doped PAN polymer nano�bres

mats. Vacuum-assisted resin transfer moulding (VARTM) method was used to

manufacture all the composites. Figure 3.2 shows the combined experimental

process for manufacturing SWCNTs strengthened multiscale hybrid compos-

ites.

3.1 Materials and Equipment

AMPREG 21 resin and hardener (Bisphenol-A epoxy) were used as a base

matrix and were purchased from AMT Composites Pty. Ltd. South Africa.

The Ampreg 21 is used at room temperatures (18� C to 25� C) and has excellent

thermal and mechanical properties when cured at an ambient temperature.

Table 3.1 shows resin and hardener (AMPREG 21) properties used in this

study.

Table 3.1: Mechanical and physical properties of AMPREG 21 (resin-
hardener) at 25� C [189]

Standard Resin/ Hardener

Initial Mixed

Viscosity (cP)

Cured Density

(g=cm3)

Gel Time

(minute)

Tensile strength

(MPa)

Tensile Modulus

(GPa)

De-mould Time

(minute)

1194 1.148 21 72.7-81.3 3.3-4.3 143
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As per the manufacture manual, the standard mixing ratio of resin and hard-

ener is given in Table 3.2.

Table 3.2: Standard mixing ratio of resin to hardener for Ampreg 21 [189]

Standard Mix Ratio (Resin:Hardener)

by volume by Weight

100:38 100:33

The E-glass macro �bres mats (woven) were used as a macro scale reinforcing

material and was resourced by the composite laboratory of the University of the

Witwatersrand, Johannesburg. Table 3.3 shows the mechanical and physical

properties of the woven E-glass �bres.

Table 3.3: Woven E-glass properties [190]

Property
Density

(g=cm3)

Tensile Elongation

(%)

Young's Modulus

(GPa)

Tensile Strength

(GPa)

Value 2.6 2.4 81.3 1.72

The secondary reinforcements (randomly oriented nanomats) were manufac-

tured from PAN/DMF polymer solution. Polyacrylonitrile (PAN) powder

(molecular weight: 150 000, Density 1:184g=cm3 at 25� C) and the N, N-

dimethylformamide (DMF solution-99% purity) were purchased from Sigma

Aldrich, South Africa.

Pristine and functionalized single-walled carbon nanotubes (SWCNTs) were

doped into PAN nano�bres mats for manufacturing the secondary nanoreinfro-

cements. The single-wall carbon nanotubes (SWCNTs) (with median length:

1 �m , average diameter: 0.83 nm) were purchased from Sigma Aldrich, South

Africa. The chemicals used during functionalization were Polyvinyl alcohol



63

(PVA: , Molecular weight 30.00-70.00 amu), Aluminium chloride (AR: 77.8 -

81.8%, Formula Weight:133.34 g/mol) and dimethyl sulfoxide (DMSO: For-

mula weight:78.13 g/mol) purchased from Sigma Aldrich, South Africa. The

testing equipment, such as universal testing machine, impact testing machine,

metal bend saw, sheet metal cutter, grinder, and measuring tools were provided

by the mechanical workshop of the department.

3.2 Calculation for Volume Fractions

Before manufacturing the glass �bre composites, the required number of glass

�bre layers were calculated for obtaining the 32 volume % glass �bre in epoxy

matrix. The dimensions of the single glass �bre layer was 19 cm� 19 cm

according to the size of the VARTM mould cavity. The single layer was cut

and weight was measured to be 14.5� 0.5g. Equation 3.1 was then used to

calculate the required number of layers.

nlayers =
� gf � tm � Vgf

ma
(3.1)

where,

Glass �bre density (� gf ) is 2.58g=cm3

Thickness of the cavity of the mould (tm ) was 3:2 � 0:05 mm

Volume fractions of the �gre glass mat (Vgf ) were 16%, 24%, 32%, and 40%

Glass �bre mass per unit area (ma) 14:5g
19cm� 19cm = 0.04017g=cm2

The required number of �breglass layer (nlayers ) were approximated to 3, 5,

7 and 9 for 16%, 24%, 32%, and 40% respectively. Secondly, the volume of

PAN/DMF solution required for producing 0.1%, 0.2%, 0.5% and 1% volume

fraction of PAN nano�bres mats using electrospinning process were calculated.
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The PAN/DMF solution volume was obtained by,

VP AN=DMF =
VP AN

PANconc
(3.2)

The PAN concentration (PANconc) was obtained from our previous electrospin-

ning experimental results and given in Table 3.4.

Table 3.4: Parameters matrix for electrospinning process

Spinneret - Collector Gap (cm) 10-35

Auxillary Vertical Electrodes 0-2

Applied Voltage DC (KV) 30-May

Number of Spinnerets 1-6

Flow Rates (ml/hr) 0.12-0.50

% Concentrations 8-8.8

Based on the results PANconc was 8:1%. The VP AN was determined using

VP AN = � P AN � mP AN

where

� P AN was PAN density (1:184g=cm3)

mP AN was the mass of PAN for 0.1%, 0.2%, 0.5% and 1% volume fractions

and was determined by

mP AN = mmf � mM (3.3)

Where,

mmf was the mass fraction of PAN

mM was the total mass of the multiscale nano hybrid composites
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The mass fraction of PAN and the total mass of the multiscale nano hybrid

composite were calculated using equations 3.4 and 3.5.

mmf =
� P AN � VP ANV F

� M
(3.4)

mM = � M � VM (3.5)

Where,

VP ANV F was the PAN nanomats volume fraction

VM volume of the multiscale composite which was equal to 115:52cm3 based

on the mould size.

� M was the density of the multiscale nano hybrid composite and was calculated

by equation 3.6.

� M = Vgf � � gf + Ve � � e + VPANV F � � PAN (3.6)

Where,

� gf was the glass �bre density (2.58g=cm3)

� e was epoxy-resin density (1:14858g=cm3)

Vgf was the glass �bre volume fraction i.e. 32%

Ve was the matrix volume fraction and was calculated by

Ve = 1 � Vgf � VP ANV F

Table 3.5 shows the calculated mass of PAN and volumes of PAN/DMF solu-

tion using equation 3.1 and 3.2 for producing the required nanomats volume

fractions.
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Table 3.5: Volume Fraction values for di�erent concentrations of
PAN/DMF solution

S.No.
Volume of fraction

of Nano �bre (%)

Mass of PAN

(gram)

Volume of PAN/DMF

solution (ml, 8.1%)

1 0.1 0.172 1.793

2 0.2 0.344 3.587

3 0.5 0.860 8.967

4 1 1.720 17.935

Next step was to produce the SWCNTs doped nanomats. For the current

analysis, only 0.25% SWCNTs volume fraction was selected and the procedure

for calculating the required SWCNTs mass is given below:

mCNT = � CNT � VCNT

Where

VCNT was the volume of SWCNTs

mCNT was the mass of SWNCTs

� CNT was SWCNTs density (1:66g=cm3)

Volume of SWCNTs were calculated by,VCNT = VP AN=DMF � %VCNT

Where

VP AN=DMF was the volume of PAN/DMF solution (12ml)

%VCNT was the SWCNTs volume fraction (% 0.25)

Based on the above calculation, the mass of SWCNTs for the 0.25% SWCNTs

volume fraction was 51mg which was then mixed with 12 ml PAN/DMF

solution to produce the SWCNTs doped nano�bres mats.
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3.3 SWCNTs Functionalization

As discussed before, the intrinsic behaviour of CNTs has resulted in agglom-

eration (van der Waals forces) and poor interfacial bonding with the matrix.

Hence various functionalization processes were used to improve both the inter-

facial adhesion and dispersion. However, the conventional covalent functional-

ization using acid oxidation severely damages the surface of CNTs and reduces

their aspect ratio [191]. These damages limit the CNTs strengthening capabil-

ities and thus reduce their bene�ts as strengthening agents. Therefore, in this

study, Friedel-Crafts Alkylation (FCA) functionalization process suggested by

Pei was adopted [118].

The Friedel-Crafts Alkylation (FCA) process was started by mixing SWCNTs

(0.4 g) and PVA (4 g) with DMSO (40 ml) solution in a 250 ml 
ask using

a magnetic stirrer. The 
ask was then immersed in an oil bath for homoge-

neous heating and was gradually heated to 90� C in the presence of nitrogen.

During the functionalization process, the nitrogen environment promotes the

electrophilic reaction to the CNT benzene ring and thus improve the PVA

grafting.

As the heating promotes the chemical process, a catalyst Aluminum Chlo-

ride (ALCl 3) was added for grafting the PVA chains onto the surface of the

SWCNTs. During the chemical process, the OH groups from PVA reacted

with the catalyst (ALCl 3) and produced positive carbocations (CH3+ ) ions

(electrophiles) and negative ALCl�2 ions respectively. The positive ions elec-

trophiles were then attracted towards the SWCNTs hexagonal ring due to the

CNTs surface delocalized electron (nucleophilic) sites and thus attached the

PVA chains on the SWCNTs. This process has improved the chemical bonding

with the host polymeric material [192]. After 20 hours of the chemical process,
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the chemical reaction was aborted by adding 100 ml of methanol/hydrochloric

acid mixture (volumetric ratio 1:1). The solution was then centrifuged at 3500

rpm for 15 minutes to precipitate the functionalized SWCNTs (f-SWCNTs).

The f-SWCNTs were washed, �ltered, and dried in a furnace for 3 hours at

70� . Figure 3.3 shows the equipment used in the functionalization process.

Figure 3.3: Friedal craft alkylation process

The Raman spectra were used to characterize both Pristine (p-SWCNTs),

and functionalized SWCNTs (f-SWCNTs) and shown in Figure 3.4. The two

peaks at the wavelengths of 1280-1390 cm� 1 and 1480-1700 cm� 1 were for

the disorder (D band) and graphite band (G band) respectively. These bands

represent two di�erent vibrational modes of SWCNTs. The D band represents

the crystal disorder, such as sidewall defects (pentagons or heptagons) or Sp3
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carbon hybridization, and the G band was for the Sp2 carbon hybridization.

The increased value of D-band to G-band (I D =IG) ratio de�nes the structural

changes of the SWCNTs wall due to functionalization process [193, 194]. In

the current work, the I D =IG ratio was measured as 0.1025 and 0.1674 for p-

SWCNTs and f-SWCNTs respectively. The higher ratio value of 0.1674 for

f-SWCNTs was due to the carbocations attachment to the SWCNT walls as

the Sp2 carbon hybridization was converted into Sp3 hybridized carbons. This

con�rmed the PVA grafting to the SWCNTs wall during FCA [192].

Figure 3.4: Raman spectroscopy of the Pistine and functionalized SWC-
NTs

Fourier transform infrared (FTIR) spectroscopy was used to analyze the func-

tionalization of SWCNTs, and Figure 3.5 shows the FTIR spectrum of both

pristine and Functionalized SWCNTs. IR spectra were obtained for the range

of 4000 to 500cm� 1.

The peak at 1027cm� 1 showed the C-O bond stretching while the peak from

1100 to 1600cm� 1 con�rmed the aromatic structures. The peaks correspond-

ing to C-H and O-H bonds were obtained at 2900cm� 1 and 3200-3400cm� 1

respectively. These peaks con�rm that the PVA chains are attached to the

surface of CNTs.
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Figure 3.5: IR spectra of (a) p-SWCNTs and (b) f-SWCNTs

3.4 Dispersion of CNTs

Generally, the functionalized SWCNTs are dispersed within the PAN solu-

tion using ultrasonication or mechanical mixers before manufacturing CNTs

doped PAN nano�bres mats. However, the dispersion of CNTs even after the

functionalization is still a challenge due to their re-agglomeration. Longtime

sonication is considered as the most suitable method for dispersion. However,

it damages the structure of CNTs and reduces its aspect ratio which reduces

their mechanical properties. Therefore, two-step dispersion was adopted in this

study. Magnetic stirring and ultrasonication were used in sequence to reduce
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the sonication time and to avoid the structural damage to the SWCNTs. Ta-

ble 3.6 shows the range of input parameters used in the SWCNTs dispersion

process.

Table 3.6: Proposed controlling factors and variables of dispersion process

Parameter

Step-1 Step-2 Step-3 Step-4 Step-5 Step-6

Magnetic Stirring

(time, minutes)

Sonication

time (minutes)

Break time in

sonication

Carbon nanotube

( Wt mg)

Concentration (%) Final Mixing

Mechanical Stirring

(minute)

Solvent ml Polymer

Variable

8

5

1 minute after 5

min sonication
50 10 17 45

10

15

16

5

10

15

24

5

10

15

The dispersion process was started by adding the functionalized SWCNTs

(0.05g) into the solvent (11.03 ml, N, N-dimethylformamide (DMF), 99%) by

magnetic stirring (model MSH-300N magnetic stir) and ultrasonication (model

UD80SH-2L INTEGRAL SYSTEMS sonicator). Figure 3.6 shows the equip-

ment used and schematic of the dispersion process. Before the sonication, the

volume of solvent and weight of the SWCNT were measured using a graduated

syringe and an electronic balance respectively. Nine samples, having the same

amount of solvent and f-SWCNTs were mixed according to the matrix shown

in the Table 3.6.
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Figure 3.6: (a) Balance for weights (b) Magnetic stirrer (model MSH-
300N) (c) Sonicator(model UD80SH-2L INTEGRAL SYSTEMS), (d) Mix-

ing process of CNTs into the polymer solution

Figure 3.7 shows the trends of precipitation of the functionalized SWCNTs

after mixing with the combination of magnetic stirring and sonication. It could

be inferred that 24 minutes of magnetic stirring with 15-minute sonication

including an interval of 1.5 min after every 5 minutes kept SWCNTs dissolved

into the polymer solution for more than 96 hours. The dispersed SWCNTs were

examined using Raman spectroscopy for structural defects which con�rmed the

absence of damage in f-SWCNTs after the two-step dispersion process. Based

on the results of dispersion process, the SWCNTs-PAN solution which took

maximum precipitation time (96 hours) was selected for electrospinning. The

selected solution was electrospun within 48 hours to produce the doped CNTs

nanomats to avoid precipitation of SWCNTs.
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Figure 3.7: Precpitation trends of SWCNTs in the two step dispersion

3.5 Testing Procedures

The details of the manufacturing process of randomly oriented, aligned and

SWCNTs doped nano�bres mat strengthened hybrid composites using electro-

spinning techniques and VARTM are presented in Chapter 4 for easy reading.

Before testing, the samples for the tensile, 
exural and impact tests were pre-

pared from the preform manufactured using VARTM. The tests were conducted

according to the American Society for Testing and Materials (ASTM) stan-

dards. Five testing specimens of each tensile, 
exural and impact test were

machined and tested from the single VARTM composite preform respective to

the ASTM D638:2010, ASTM D790:2010 and ASTM D256:2010 (Figure 3.8).

The thickness of the specimens was kept at 3,2 mm in accordance with the

ASTM standard. The bending test samples were manufactured at a span to

thickness ratio of 16:1.
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Figure 3.8: Test sample dimensions (a) Tensile ASTM D638-08:2010 (b)
Flexural ASTM D790- 07:2010 (c) Impact test specimens ASTM D256-

06a:2010
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The tensile and 
exural tests were carried out with the universal tensile test-

ing machine SHIMADZU. In accordance with DIN EN 527:1=2 and ISO 178,

these tests were carried out at a crosshead speed of 2 mm / min. Impact tests

have been performed on a Tinius Olsen impact pendulum in accordance with

ISO 179- 1 standard. The recorded results were then used to obtain the ten-

sile and 
exural properties. The preform was marked using a steel ruler and

thin marker as per the layout. The marking included the machine allowance

of 1.5 mm for each specimen. The layout of the specimen is shown in Figure 3.9.

Figure 3.9: Cutting layout for test specimens

Five rectangular plates having dimensions of 165 mm� 19.5, 124 mm� 13



76

mm, and 64 mm� 10 mm for tensile, 
exural and impact tests respectively

were machined using a band saw (Figure 3.10).

Figure 3.10: DoAll band saw

Rectangular plates having a dimension of 165 mm� 19.5 mm were used as a

preform for tensile dog bone specimen. These specimens were gripped tightly

into the dog bone shaped steel jig (Figure 3.11). The steel jig was slid through
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the guided path �xed on the table of the Tensilkut machine (Figure 3.11). A

cylindrical grinder powered by pneumatic force was used to cut the specimen

into the required dog bone shape and is shown in Figure 3.11.

Figure 3.11: TensilKut grinder and dog bone copy jig used to cut the
tensile specimens

Personal protective equipment (PPE) was used all the time during the machin-

ing operation to avoid accident and hazard (dust and 
ying debris). Moreover,

a dust extractor was also used to eliminate the 
ying particles during machin-

ing. A notch of 2.5 mm depth was machined on the Impact test specimens.

Finally, the cut specimens were cleaned using slow speed sandpaper grinder

and then �nally with �ne sandpaper. Figure 3.12 shows the di�erent testing

specimens produced according to the ASTM standards.
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Figure 3.12: (a) Tensile, (b) Flexural and (c) Impact test specimens

3.5.1 Tensile test

The tensile test was carried out with a universal testing machine. (UTM,

SHIMADZU AG-IS Autograph machine). The UTM machine was equipped

with self-aligning clamps, a force indicator, a laser extensometer, and a set

of vernier callipers. The recommended conditions adopted during the tests

were; relative humidity: 50� 5 %, and temperature: 23� 2 C. A 20 kN load

cell was used for testing. A laser extensometer (LE-05 Epsilon Technology

laser) was interfaced with a SHIMADZU machine using an NI instruments

data acquisition card (8 channel) to record the experimental data i.e linear

extension and force.The UTM is shown in Figure 3.13.
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Figure 3.13: SHIMADZU Universal testing machine (UTM)

The procedural guideline as explained in ASTM D638:2010 [195] was adopted

for the tensile test. Firstly, the UTM machine was set for the tensile test and

the clamps were attached to the machine (Figure 3.13). The lower clamps

were stationary while the upper clamp was moveable with a prede�ned rate of

loading. The thickness and width of the gauge length of each specimen were
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measured and recorded at three points using Vernier Calipers before testing.

A re
ective tape was attached on the specimen surface for the gauge length of

50 mm.

The specimen was mounted tightly into the clamps to avoid slippage during the

test. The distance between the clamps was 115� 5 mm. The UTM integrated

encoder was used to acquire the load and the displacement of the actuator.

The laser extensometer values were recorded into the Desktop computer using

LabVIEW software. The tests were performed at the speed of 2mm/min. Five

tensile specimens of each composite were tested. All the specimens were failed

within the gauge length which provided the validity of the tensile tests. Figure

3.14 shows a failed test piece within gauge length. The measured data of

the specimens of each batch were averaged and used to calculate the tensile

properties as given below.

Stress(� ) =
Force
Area

(3.7)

Strain (� ) =
� L
L

(3.8)

where:

� L was extensometer displacement, mm

L was extensometer gauge length, mm

ElasticModulus =
Stress
Strain

(3.9)
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Figure 3.14: Dog bone specimen after test

3.5.2 Flexural test

The ASTM D790:2010 standard procedure and UTM (SHIMADZU) were used

for the 
exural test (3-point) of the polymer composites. The 
exural test rig

was mounted on the machine and then the test specimen was set as shown

in Figure 3.15. The distance between the support was 63 mm. The load was
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applied at the rate of 2mm/min until the fracture of the specimens. The force-

displacement data was recorded by the built-in encoder. Before each test, the

thickness and width of the specimens were recorded and a minimum of �ve

specimens were tested. The 
exural properties of specimens were determined

using the equations 3.13, 3.11 and 3.12;

Figure 3.15: Flexural test specimen setup

� f =
3Fmax L

2bh2
(3.10)

where:

� f was specimen 
exural stress, MPa



83

Fmax was applied load, N

L was length between supports, mm

b was width of specimen measured at its centre, mm

h was thickness of specimen measured at its centre, mm

� f =
6hD
L2

(3.11)

where:

� f was 
exural strain of specimen, mm/mm

D was the vertical de
ection of the specimen at the point of load application,

mm

E f =
� � f

� � f
(3.12)

where:

Ef was 
exural modulus of elasticity, MPa

� � f was changed in the Flexural stress of specimen, MPa

� � f was changed in the Flexural strain of specimen, mm/mm

3.5.3 Impact test

Notched impact tests were performed on a Tinius Olsen pendulum in accor-

dance with ISO 179-1 standard. The machine has a static dial arm and can be

moved and positioned manually before testing on the Joules mark 360� . First,

the gauge correction factor for the machine was determined by releasing the
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pendulum without any specimen. The specimen was then mounted on to the

machine and the pendulum was manually released on to the specimen. Five

specimens of each composite were measured and an average absorbed energy

was recorded from the dial gauge to calculate the energy observed before failure

by the specimens. The breaking energy was used to measure the impact resis-

tance of all composites. The testing machine and the piece tested are shown

in Figure 3.16

K I =
eI

A I
(3.13)

where:

K I was impact resistance KJ/m2

eI was energy lost by pendulum due to impact, KJ

A I was crosssectional area of impact specimen m2

Figure 3.16: (a) Impact test machine 'Tinius Olsen Model impact pendu-
lum' (b) Impact test specimen
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3.6 Morphological Characterization

The electrospun nanomates, carbon nanotubes, and the tested glass �bre and

the hybrid composites were morphologically analysed using Scanning Electron

Microscopy, Rama spectroscopy, and Fourier transform infrared spectroscopy

(FTIR).

3.6.1 Scanning electron microscopy (SEM)

Electron microscopy (SEM) scanning is the most commonly used high reso-

lution image microscope. SEM produces the image by focusing the electron

beam in a rectangular pattern over the surface of the sample. Once the SEM

is calibrated and focused on the interested area, the image can be magni�ed

with repeatable steps of focusing and calibration. The SEM imaging process

is completed in a vacuum (low or high).

The nano�bres and all NGPCs were scanned using electron scanning microscopy

(SEM, FEI Nova 600, FEI Quanta 400 FEG, USA Figure 3.17) at various volt-

ages ranging from 5KV to 30KV. Before characterizing the nano�bres, the

nano�bres and surfaces of the fractured specimens were mounted over an alu-

minium round post using double-sided carbon tape as shown in Figure 3.18.

The specimens were coated with a thin carbon layer and a gold-palladium

(Au / Pd) layer of 15 nm (60:40) with an EMITECH K950X evaporator and

a sputter coater EMITECH K550X. The SEM analysis was performed at the

University of Witwatersrand 's Unit for Microscopy and Microanalysis (MMU).

The SEM has the capabilities of capturing images of non-conductive samples at

resolutions as low as 0.8 nm due to the high voltages (30kV) and high vacuum.
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Figure 3.17: (a) SEM, FEI Nova 600, (b)FEI Quanta 400 FEG, USA
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Figure 3.18: Specimens coated for SEM (a and e) Tensile (b)Bending (c
and d) Flexural test

3.6.2 Raman spectroscopy

The Raman spectroscopy was developed on the principle of Raman e�ect dis-

covered by C.V. Raman in 1928 [196]. This technique analyses the materials

using the vibrational modes of the molecular states. Monochromatic light

source of known wavelength excites the electron cloud across the testing mate-

rial. The incident light strikes back o� the specimen with di�erent wavelength

due to an inelastic collision. The re-bounced light is measured as a function

of wavelength and plotted against the wavelength before the collision. The

change in the wavelength (upward or downward) is then compared to the li-

brary of materials to identify the nature of the chemical bonds within the

specimen. Compared to the other analytical methods, Raman spectroscopy

provides non-destructive, fast and easy analysis of the CNT samples. Raman

analysis can probe the structure defects, diameter (SWCNTs), agglomerations

and the structure kind (semiconducting or metallic) of CNTs along with the

number of walls. Figure 3.19 shows the simpli�ed principle sketch of the Raman

spectroscopy.
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Figure 3.19: Working principle of the Raman spectroscopy

The Raman spectroscopy analysis was conducted in the Unit of Microscopy

and Microanalysis (MMU) at Witwatersrand University, Johannesburg, South

Africa. The Raman analysis was performed using the 514.5 nm green line of a

Lexel argon ion laser and a Horiba LabRAM HR Raman spectrometer with an

Olympus BX41 microscope �tting. A 100x target was used to collect the back-

scattered light that was dispersed onto a liquid nitrogen-cooled CCD detector

via a 600-line / mm grating. The sample's laser power was about 0.4 mW to

prevent localized heating. LabSpec v4.18 software was used to collect acquired

data.

In the Raman spectrum, Radial breathing mode (RBM) is the �rst region of

the Raman spectrum for SWCNTs. The RBM contains a number of peaks

showing the expansion and contraction of SWCNTs which depends on the di-

ameters of the specimen. The RBM can be used to estimate the diameter of

SWCNTs [197]. Generally, the RBM region is generated within 100-500 cm� 1.

The following two wavelengths were 1300-1400 cm� 1 and 1500-1600 cm� 1 for
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the disorder (D band) and the graphite band (G band). These bands repre-

sent two di�erent vibrational modes of SWCNTs. The D band represents the

crystal disorder, such as sidewall defects (pentagons or heptagons) or carbon

hybridization Sp3, and the G band was used for carbon hybridization Sp2. The

G band is usually about 1580� 1620 cm� 1. The G band is divided into two

modes higher energy component (G+) and lower energy components (G-). G+

presents the vibration along the nanotube axis while G- presents the vibration

along the girth of the tube [197]. The last peak seen in the Raman spectroscopy

is called G' band. The G' band is an overtone of the D band (twice of the D

band). These may be observed between 2600-2800 cm� 1.

3.6.3 Fourier transform infrared spectroscopy (FTIR)

FTIR is most helpful in the identi�cation of organic or inorganic chemicals. It

collects the data of the obscure mixture ingredients and develops a spectrum

from the obtained interference pattern. It identi�es the type of bonds in the

molecules by generating an infrared spectrum against the wavelength of light.

Di�erent molecules vibrate with certain frequencies according to the type of

bond and material. FTIR uses the vibration characteristic of the functional

molecules to identify their types in the unknown sample. Material molecules

under FTIR process respond to the infrared light of speci�c wave number only

which changes their excitation state (ground to higher energy) and cause bonds

to bend, stretch or wagging. Di�erent molecules respond to the speci�c wave

number of light. This property of molecules is used to identify the type of

molecules or functional groups in the sample.

Figure 3.20 shows the schematic of the FTIR equipment. IR beam from the

source enters into the interferometer, which splits the incoming beam into two
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rays using beam splitter prism. One ray directs towards stationary mirror while

the other is received by the movable mirror. The re
ected rays combine at

the beam splitter due to interference phenomena and the resulted ray is called

interferogram. A sample placed in the path of interferogram absorb the speci�c

frequencies of light depending on its type of functional group. The interacted

signal with sample has a unique feature measured by a detector. The �nal

interferogram is decoded with Fourier transform and plotted as transmittance

or absorbance against wave number. FTIR spectrum contains di�erent types

of peaks representing di�erent bond types [199].

Figure 3.20: Schematic of FTIR process



Chapter 4

Experimental Characterization

of Multiscale Nanohybrid

Composite

4.1 Introduction

The major drawback with �bre composites is the matrix rich interlaminar

regions, where the load transfer was expected to occur. Therefore, researchers

were focusing on improving the interlaminar regions by adding nano�llers into

the �bre composite system [16, 144]. The polymeric nano�bres have gained

importance due to their ease of manufacturing in di�erent sizes with unique

mechanical properties. In addition, if these nano�bres could be manufactured

in the form of mats (polymer nano�bres mats, PNMs), then the continuous

nano�bre mats could be a suitable secondary nanoreinforcement for producing

Multiscale Nano Strengthened Hybrid Composites (MNHCs).

91



92

The PNMs are thin, light in weight, and they do not increase the weight of the

�nal composite. Moreover, they are expected to reduce the length scale mis-

match between the macro�bres and the polymer matrix molecular chains. In

addition, these nanomats could be collected directly over the �bre mats, there-

fore, they reduce the processing time/cost. In addition, the nano reinforcement

such as carbon nanotubes (CNTs) could also be doped with polymeric nano�-

bres for improving the interlaminar regions. The doping of CNTs was expected

to improve the CNTs inherent disadvantages, such as misalignment, poor in-

terfacial adhesion, and distribution. Among several techniques, for producing

the polymeric nano�bres mats and CNTs doped polymer nano�bre mats, the

electrospinning is preferable due to their ease of manufacturing [148]. As dis-

cussed earlier, the eletrospun polymer jet takes a straight path in near �eld,

while in far �eld, it starts whipping into a complex path due to electrical,

gravitational and rheological forces (Figure 4.1a) [139] thus in the far �eld, the

path variations cause randomly oriented nano�bre mats (Figure 4.1b) [201].

The randomness of nano�bres results in a variable molecular orientation with

poor mechanical properties [163, 202].

Figure 4.1: Electrospun nano�bre jet path (a) [203], (b)[166]

Based on the above factors, the objectives were de�ned as:
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� Modifying the electrospinning process by adding adjustable auxiliary ver-

tical electrodes (AVEs) and connected with the main DC power source

� Producing aligned PAN nano�bre mats and SWCNT's doped nanomats

using a modi�ed electrospinning process with multispinneret

� The e�ect of AVEs was analyzed to optimize the alignment, diameter,

and morphology of PAN nano�bres.

� The e�ect of functionalization on the dispersion and the interfacial ad-

hesion of the pristine and functionalized SWCNTs.

� Characterization of the mechanical properties of aligned nanomats and

SWCNTs doped nanomats strengthened multiscale hybrid composites.

4.1.1 Electrospinning for producing aligned PAN nano�-

bres mat

Electrospinning was used to produce both PAN nano�bre mats and SWCNTs

doped nanomats and was designed in our previous research work [204{206],

which have contributed a deep understanding of the electrospinning parameters

and their e�ects on producing the PAN nano�bre mats. The same set up

with additional improvements was used for the current research work. The

electrospinning facility consists of a variable high DC voltage power supply,

NE-1600 syringe pump and a grounded rotating collector (diameter, 120mm

and width, 210 mm) coupled with a variable high-speed DC motor. The two

important electrospinning process (solution and operating) parameters were

analyzed for producing the PAN nano�bre mats. The solution parameters

including polymer concentration, viscosity, molecular weight, surface tension,

and conductivity were analyzed.
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1. Polymer concentration, viscosity, and molecular weight are directly re-

lated and were found to be critical in determining the �bre morphology.

2. Surface tension was controlled by the solvent composition

3. The conductivity was controlled by the polymer composition

Among the other solution parameters, the viscosity of the electrospinning so-

lution plays an important role in producing smooth uniform PAN nano�bres,

which could be varied by altering the polymer concentration.

The operating parameters such as volume 
ow rate, electric �eld strength,

collector type, types of syringes and needle diameter were investigated to obtain

an optimum operating value for the electrospinning process. The volume 
ow-

rate was closely controlled with the use of a syringe pump. The 
ow rates

ranging from 0.5ml/hr up to 5ml/hr were experimented to �nd the ideal 
ow

rate for the smooth uniform PAN nano�bre formation. The �eld strength

was varied by changing either the applied voltage or the distance between the

electrodes. Di�erent types of needles and syringes also were used to �nd the

optimum set-up to produce the best quality PAN nano�bres. Needles ranging

from 32G to 18G (both 90 and 30 angled tips) were experimented with both

glass and plastic syringes ranging from 5 to 50 ml volume. Based on the above

observation, the major factors a�ecting the electrospinning process and the

�nal quality of the PAN nano�bres were:

� Applied voltage

� Distance between electrodes

� PAN concentration
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Figure 4.2: Electrospinning experimental matrix [206]

Since the above parameters are interlinked, an experimental matrix was devel-

oped for understanding their relationships with each other as shown in Figure

4.2. The results of the individual nodes of the experimental matrix are pre-

sented elsewhere [206] and the �nal optimized parameters from node 5 of the

experimental matrix were taken for the current analysis. The values were:

� 8% of PAN Concentration

� Voltage of 15 KV

� Spinneret to collector distance of 15 cm

However, the previous research work could manage to produce non-aligned

PAN nano�bre mats and an important parameter i.e alignment was not con-

sidered. Therefore the current research has focused on producing the aligned
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Table 4.1: Electrospinning parameters range and optimized value along
with AVEs

Electrospinning parameters Range of values Optimized values
Concentration (%) 8-8.8 8.1
Flow rate (ml/hr) 0.12-0.50 0.35

Applied voltage (DC-KV) 0-30 20
Collector to spinneret distance (cm) 5-35 25

PAN nano�bre mats and CNTs doped aligned PAN nano�bre mats by tak-

ing the previously optimized electrospinning parameters as a benchmark. For

aligning the nano�bers, auxiliary vertical electrodes (AVEs) were introduced

on both sides of spinnerets as shown in Figure 4.3a and a schematic of the

entire electrospinning process is given in 4.3b. The AVEs shared the same

main source voltages with spinnerets and no auxiliary voltage source was used.

The AVEs could also be moved along X and Y-axis to analyze their e�ect on

producing the aligned PAN nano�bres.

Since the addition of AVEs have changed the optimized values of the input

parameters, such as voltage, 
ow rate, concentration and spinneret collector

distance, the electrospinning input parameters were re-examined with AVEs

to study their e�ect on alignment, diameter and morphology. The range of

selected electrospinning parameters and optimized values are shown in Table

4.1. These parameters were varied for producing PAN nano�bre mats with the

�bre diameter to the range of 120-150 nm.

E�ect of AVEs

During electrospinning, the electrostatic force pulled the polymer drop into

�bre jet from the spinneret to the collector. The �bre jet moved along a highly

whipped path and was collected randomly over the width of the collector.

However, the positioned auxiliary vertical electrodes (AVEs) between spinneret
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Figure 4.3: (a)Electrospinning with AVEs, (b) Schematic of electrospin-
ning with AVEs
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and collector inx � y plane (refer Figure 4.3) produced electrostatic force �eld,

which reduced the PAN nano�bre whipping e�ect and produced more aligned

PAN nano�bres mats.

In order to con�rm the above phenomenon, an open source software, Electric

Field was used to analyze the electrostatic force due to AVEs. The software

developed electrostatic forces as electric �eld lines (green lines) between the

spinneret and the collector. The whipping behaviour of the PAN nano�bre

deposition schematically modelled using the Electric �eld software with AVEs

are shown in Figure 4.4. The positive electrode at the spinneret is shown as a

red colour, while the blue colour refers to the rotating collector as a negative

electrode. The lines were directed from the spinneret to the entire width of the

collector. As the electric �eld was not focused on the collector, the whipping

e�ect deposited the PAN nano�bres randomly over the whole width of the

rotating collector (Figure 4.4a).

However, after introducing the AVEs (Figure 4.4b), the polymer jet driving

electrostatic forces between the spinneret and the collector was narrowed down

towards the collector by the AVEs electric �eld. This phenomenon reduced the

whipping e�ect and aligned the PAN nano�bres perpendicular to the collector

axis. The AVEs position along the X and Y-axis added new parameters to

the system as their position a�ected the PAN nano�bres production and its

driving zone. The phenomenon of clogging was experienced when the auxiliary

electrodes were placed between the spinnerets and the collector (forward of the

line A'B') (Figure 4.5).
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Figure 4.4: E�ect of AVEs using electric �eld analysis

Figure 4.5: Top view schematic of modi�ed electrospinning process
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A Taylor cone was formed when the electrodes came in line with or behind the

spinneret in the negative X direction. The driving zone became wider until

the span became almost equal to the span generated in GES as the AVEs went

behind the spinneret in the negative X direction. Figure 4.6 shows the span

variation with the AVEs position along X-axis.

Figure 4.6: Span of PAN nano�bres vs AVEs position in negative X-
direction

Similarly, the position of the AVEs along the Y-axis (Figure Figure 4.7) a�ected

the span of the PAN nano�bres over the collecting drum. A minimum span

of PAN nano�bres was observed at 6.5cm from the spinneret along Y-axis.

When the distance between the AVEs and spinnerets along the Y-axis (Figure

4.5) reduced, the AVEs started acting as a single anode with spinnerets and

the pattern of the electric �elds gradually became similar to electrospinning

without AVEs. Widening the positions of AVEs beyond 6.5cm along Y-axis

caused a gradual increase in the span of PAN nano�bres over the collecting

drum.
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Figure 4.7: Span of PAN nano�bres vs AVEs position in Y-direction

It was observed that the distance and voltage of spinning also depend on the

number of spinnerets. The fewer number of spinnerets, the higher the distance

and lower the voltage. For the single spinneret, the spinning occurred at far

distances of 35cm. When the second spinneret was added at the same distance,


ow rate, and voltage, it disturbed continuous Taylor cone production and

started dripping with slower rates. Voltage was raised to maintain the steady

Taylor cone at a distance of 35cm. The addition of four more syringes required a

very high voltage, which was unsafe for the supporting equipment; e.g. syringe

pump and DC motors. The solution to this problem was found by decreasing

the distance between the spinneret and the collector. Figure 4.8 shows the

relation between the number of spinnerets and the distance of electrospinning.

Figure 4.8: Spinneret-collector distance vs number of spinnerets maintain-
ing simultaneously continuous jet issue from all six spinnerets
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Another problem observed during the spinning process was the clogging of the

polymer at the tip of the spinnerets due to misalignment. The positive charge

of forwarding spinneret repulsed the polymer drop of the backward spinneret,

which resulted in the non-emission of the jet from the backward spinneret.

This problem was solved by aligning the tips of the spinnerets to each other

and maintaining a minimum row distance of 2cm between spinnerets.

Figure 4.9 shows the camera images and scanning electron microscope (SEM)

images of electrospun PAN nano�bre mats and the e�ect of AVEs could be seen

from the SEM images (refer Figure 4.9b). Due to the AVEs electric �eld, the

whipping e�ect of the PAN nano�bres was reduced and thus produced aligned

PAN nano�bre mats. The smaller diameter and aligned PAN nano�bres have

greater advantages as reinforcement in producing nano strengthened hybrid

composites due to their high aspect ratio and orientation.

Manufacturing of PAN nanomats and SWCNTs doped nanomats

As discussed, the PAN polymer solution was electrospun to produce nano�bers

mat. The selected concentration of PAN-DMF solution (8.1%) was prepared

by mixing the measured weight of PAN polymer to the same volume of solvent

DMF. The solution was stirred mechanically along with heating for 24 hours.

The electrospun syringe pump with six luer lock syringes (3 ml) was �lled with

the PAM-DMF solutions and the solution was electrospun into desired volume

fractions (0.1%, 0.2%, 0.5% and 1%) over the glass �bre mats attached on to

the collector drum.

For the doped nano�bers mat, the 0.25% volume fraction of pristine or func-

tionalized SWCNTs were dispersed into the DMF solvent using magnetic stir-

rer and ultrasonication. Before sonication, the volume of solvent and weight of
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Figure 4.9: Eectrospun PAN nano�bre mats
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the f-SWCNTs were measured corresponding to the volume fraction of 0.25%.

Subsequently, the polymer (PAN) was poured into the SWCNTs/DMF solu-

tion and stirred mechanically along with heating for 24 hours. Thereafter, the

doped PAN/DMF solution was electrospun over the glass �bre mats, which

were used to manufacture the nanostrengthened hybrid composites.

4.1.2 Composites manufacturing process

The composites were fabricated using a vacuum assisted resin transfer mould-

ing (VARTM) method (Figure 4.10). The �bre composites were manufactured

using Bisphenol-A (AMPREG 21) epoxy resin with woven E-glass �bre vol-

ume fractions of 16%, 24%, 32% and 40%. The optimized 32% glass �bre

composites were further strengthened using the following PAN nano�bre mats

as discussed before for producing nanostrengthened hybrid composites:

1. 0.1, 0.2, 0.5, and 1% volume fractions of randomly distributed PAN

nano�bre mats

2. 0.5% volume fractions of aligned PAN nano�bre mats

3. Pristine SWCNTs doped aligned PAN nano�bre mats

4. Functionalized SWCNTs doped aligned PAN nano�bre mats.

At the beginning of the manufacturing process, VARTM mould parts were

cleaned with acetone and dried with a cloth. Several thin coats of releasing

agent (NCA Waxol) were applied to the mould surfaces for easy removal of the

cured products. Three pieces mould was used in the composite manufactur-

ing; female square steel ring, upper and lower male plates. Male plates were

provided with O-ring grooves to provide a stable vacuum during the process.
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Figure 4.10: VARTM system

First, the lower male plate was positioned on a mould stand. After this, the

female square steel ring was placed over the lower male plate and then before

closing the mould with an upper male plate, seven �breglass mats equivalent

to the required �bre volume fraction were placed inside. The mould assembly

was fastened using C-clamps to prevent vacuum break.

Suction and as riser port of the mould were connected through pipes to the

resin reservoir and vacuum pump respectively. After setting up the VARTM

assembly, the resin-hardener was mixed with a volume ratio of 100:38 and

placed at the suction port. Then the vacuum pressure valve was opened slowly

and a pressure of 80 psi was maintained until the resin �lls the mould. Both

suction and riser ports were closed after �lling and then the resin was cured for

24 hours at room temperature. Figure 4.11a shows the manufactured preform

which was machined into tensile, bending and impact test specimens (Figure

4.11b).
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Figure 4.11: Composite preform and testing specimens

4.1.3 PAN nanomats strengthened hybrid composites

The similar procedure was followed for producing nanomats strengthened hy-

brid composites except that the alternative layers of glass �bre mats and elec-

trospun nano�bers mats were placed. As discussed before, four di�erent vol-

ume fractions, 0.1%, 0.2%, 0.5% and 1% of randomly oriented PAN polymer

nano�bre mats were used with 32% glass �bre for manufacturing the PAN

nanomats strengthened (random nano�bre) hybrid composites. Based on the

mechanical properties of the random PAN nano�bres mat strengthened hybrid

composites, the volume fraction of PAN polymer with better properties was

selected to manufacture aligned and SWCNTs doped PAN nano�bre mats.

For the current analysis, 0.5% volume fraction of PAN polymer was selected

to produce the multiscale nanohybrid composites.

However, for doping, only 0.25 vol% SWCNTs was selected based on the re-

sults from Pilehrood et al. [188]. Their results showed that the addition of

SWCNTs more than 0.25 vol% with the PAN/DMF solution (1.2 Pa. sec)
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have drastically increased the viscosity of the PAN/DMF solution resulted in

beaded electrospun �bres with larger diameters. Therefore, to achieve the

doped PAN nano�bres diameter similar to the PAN nano�bre without SWC-

NTs, the maximum amount of 0.25% volume fraction of SWCNTs was added

to the PAN/DMF solution for manufacturing SWCNTs doped aligned PAN

nano�bre mats. Both the pristine and functionalized SWCNTs were used for

producing the SWCNTs doped PAN nano�bre mats.

4.2 Results and Dscussion

The glass �bre, randomly and aligned PAN nano�bre mats and SWCNTs

doped aligned PAN nano�bre mats composites were experimentally charac-

terized and only relevant results are presented below and details are presented

in Appendix A.1.

4.2.1 Glass �bre composites

Figure 4.12 shows the result of tensile strength and modulus, 
exural strength

and modulus, and impact resistance of the glass �bre composites. It is evi-

dent from the results that the increase of �breglass volume fraction up to 32%

have gradually increased the mechanical properties of the glass �bre compos-

ites. Further addition of �bre volume didn't show any appreciable increase in

the composite properties. The addition of glass �bre mats improved the load

resistance of the composite by transferring the load from resin to the glass

�bres

A micrograph (Figure 4.13) of 32% glass �bre composite shows the fractured

surface of the tested specimen. The image further con�rmed that there was a



108

load transfer from the matrix to the �bres which was con�rmed by �bre pull-

outs and breakage before the �nal fracture. Basically, the increase in volume

fraction of glass �bres from 16% to 32% reduced the matrix rich regions grad-

ually, which resulted in the improved mechanical properties of the composite.

However, when the volume fraction of glass �bres was increased to 40%, there

was not a noticeable increase in the mechanical properties. It could be related

to the poor penetration of resin into the �breglass mats and their agglomera-

tion. For tensile, bending, and impact test, the similar trends were observed.

Therefore, 32% volume fraction of glass �bre composite was chosen for further

experimental study.

Figure 4.12: Properties of composites with di�erent volume fraction of
glass �bres23232
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Figure 4.13: SEM image of 32% glass �bre composite fractured specimen

4.2.2 Random PAN nano�bre mats strengthened hy-

brid composites

Tensile test results

The 32% glass �bre composite was then used as a reference to determine and

optimize the e�ect of 0.1% 0.2%, 0.5%, and 1% volume fractions of randomly

oriented PAN nano�bre mats. Figure 4.14 shows tensile strength and elastic

modulus of randomly oriented PAN nano�bre mats strengthened hybrid com-

posites and the tensile properties were increased by the addition of randomly

oriented PAN nano�bre mats. Though a very scanty increase in properties was

seen for the initial addition of 0.1%, a phenomenal increase of 62.14% war ob-

served for the addition of 0.5% random PAN nano�bre mats. The increase in
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tensile properties could be attributed to the reinforcing e�ect of PAN nano�-

bre mats due to their nanosizes, improved molecular orientation during the

electrospinning process and bridging e�ect within the interlaminar region.

Figure 4.14: Tensile properties of random nano�bre mats strengthened
hybrid Composite

Since the nanosized electrospun PAN �bres have the higher surface area, it

has resulted in increased contact area within interlaminar regions. Thus the

infused PAN nano�bre mats provided more resistance during PAN nano�bres

breakage or pullout. This phenomenon has transferred the applied load from

the matrix to the PAN nano�bres within the interlaminar regions before trans-

ferring the load to the macro�bres. Secondly, due to the improved molecular

orientation during the electrospinning whipping process, the PAN nano�bres

have obtained better tensile strength by which the PAN nano�bres provided

more resistance during the relative slippage as the matrix delaminated over

the PAN nano�bre mats by transferring the applied load (refer Figure 4.15a).

In addition, the geometrical web network of PAN nano�bre mats within the

matrix has provided bridging between the glass �bres to the matrix as shown
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in Figure 4.15b and thus increased the resistance to the applied load and im-

proved tensile properties.

Figure 4.15: Fracture behaviour of 0.5% volume fraction random PAN
nano�bres mat (a) Nano�bres pullout and breakage (b) Nano�bres bridging

However, a similar e�ect was not observed as the random PAN nano�bre vol-

ume fraction was increased from 0.5% to 1%. This may be associated with

the PAN nano�bre agglomeration and poor penetration of resin into the PAN

nano�bre mat which might have acted as stress concentration sites. Figure
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4.16 provided evidence of agglomerated PAN nano�bres within the interlami-

nar regions.

Figure 4.16: Agglomerated PAN nano�bres in the fractured surface of 1%
random PAN nano�bres mat strengthened hybrid composite

Flexural test results

Figure 4.17 shows the 
exural properties of random PAN nano�bres mat strength-

ened glass �bre hybrid composites. It could be seen that the addition of ran-

domly aligned PAN nano�bre mats has improved the 
exural properties of 32%

volume fraction of glass �bre composites. The addition of 0.1% volume fraction

of nanomats has increased the 
exural properties of the glass �bre composites

to 13.073% and have gradually increased and reached a maximum of 67.199%

for the addition of 0.5% volume fraction of random PAN nano�bre mats.
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