Multiscale Analysis of Multifunctional
Composites

Ammara Dil

Materials Engineering, master's level (120 credits)
2019
Luleå University of Technology
Department of Engineering Sciences and Mathematics

Multiscale Analysis of Multifunctional
Composites

Master’s Thesis
By

Ammara Dil

Supervised by
Dr. Liva Pupure

Division of Material Science
Department of Engineering Sciences and Mathematics
Luleå University of Technology

Preface
This master thesis titled as “Multiscale Analysis of Multifunctional
Composites” has been carried out at the Division of Material Sciences,
group of Polymeric Composite Material at Department of Engineering
Sciences and Mathematics, Luleå University of Technology (LTU) during
a period from April 2018 to December 2018. This master thesis is a part
of big European Project MODCOMP (Modified Cost-Effective Fibre
Reinforced Composites) carried out between SWEREA SICOMP (Piteå
Sweden) and LTU. MODCOMP aims to develop hybrid composites with
improved multifunctionality and safety at realistic costs. The thesis work
aims to develop multiscale composites with enhanced multifunctional
properties. The work done in thesis work is to investigate the electrical
and mechanical properties of the multiscale composites.
Completion of my thesis and master studies was not an easy-going
journey but the great supervision of my supervisors and help of many
people made it possible to complete it successfully. First of all, I would
like to thank my academic supervisor Dr. Liva Pupure for her endless
help, fruitful suggestions and off course support when I needed the
most. I also extend my sincere gratitude to Professor Roberts Joffe for a
short time but great supervision during my thesis work. Your guidance
and suggestions have always helped me in my research work. I am also
thankful to the researchers in SWEREA SICOMP for providing the material
and mechanical characterization data. I am very thankful to all my
teachers from polymer composite group and other groups in teaching
the courses and project course in their best possible ways. Infact, it’s
their great teaching and motivation which enabled me to carry out my
research work in successful way. I also appreciate the help of research
engineers Johnny Grahn and Lars Frisk for solving technical issues
during my lab work. Here I would not forget the sincere help of my
colleagues Zainab, Khalid and Nawres. I will direct special thanks to
Zainab for guiding me and helping me in all possible ways during my
lab work. I am highly indebted to my brother here in Luleå, Naveed Iqbal
for teaching me the engineering terms in easy and understandable way.
Thank you Bhaijan for all the great help and increasing my quest for
I

engineering studies. I am very thankful to both of my parents for all their
love and support. A very special thanks goes to my dearest father, my
heartbeat. Baba, I don’t have words to write for you, you are my first
love and my inspiration. My warmest love goes to my kids, Azlan and
my little daughter Ghuncha (rose-bud) whose patience and time made
me capable to finish my thesis work. And finally, I will thank my
wonderful husband Faiz, who has always motivated me, it’s your love,
care and great support which helped me to grow. Thank you Faizi for
always being with me.
Ammara Dil
August 2018
Luleå, Sweden

II

Abstract
Conventional polymer composites are highly demanding due to their
high strength and stiffness, low weight, easy processing and corrosion
resistance. However, their weak out of plane properties restricts their
use in high performance applications, such as aerospace, military and
automotive components. The exceptional mechanical, electrical and
thermal properties of carbon nanotubes offer great potential to improve
out of plane properties of the fibre reinforced composites and imparts
multifunctionality. This thesis work focuses on investigating different
properties of multiscale composite such as, electrical conductivity and
mechanical properties under cyclic loading conditions. One important
aim of this project work is to study relationship between the nanotube
concentration and the resulting properties of the multiscale composites.
The multiscale composites characterized in this thesis work are
manufactured by two different ways, (1) by depositing MWCNTs on
carbon fibre via Electrophoretic deposition (EPD) process and then the
final manufacturing by resin transfer moulding and (2) by mixing
MWCNTs in resin and manufacturing multiscale composite by hand layup. The electrical conductivity of multiscale composites was tested at
different lengths, currents, nanotube content and alignment voltages.
The electrical conductivity measurements performed at different sample
lengths showed that the conductivity strongly depends on length along
which it is measured. All samples showed lower conductivity values at
longer lengths and higher at smaller lengths. The matrix doped
multiscale composites did not show any enhancement in conductivity
due to improperly dispersed nanotubes whereas in fibre doped
multiscale

composites,

the

enhancement

in

conductivity

was

insignificant compared to the reference sample. However, a percolation
threshold is observed at 0.005% MWCNTs content. This sample showed
highest conductivity among multiscale composites. The results from
mechanical characterization showed that thin 90°ply composite perform
better under cyclic loading conditions by delaying matrix microcracking.
Among the multiscale composites, the sample with 0.005% nanotubes
showed enhanced interfacial shear strength by delaying microcracking.
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Nomenclature
List of abbreviations
CNTs

Carbon Nanotubes

MWCNTs

Multiwalled Carbon Nanotubes

EPD

Electrophoretic Deposition

CVD

Chemical Vapour Deposition

CCVD

Catalytic Chemical Vapour Deposition

RTM

Resin Transfer Molding

VARTM

Vacuum Assisted Resin Transfer Moulding

FRP

Fibre Reinforced Polymer/Plastic

ILFT

Interlaminar Fracture Toughness

ILFS

Interlaminar Fracture Strength

ILSS

Interlaminar Shear Strength

NPs

Nano Particles

FRCs

Fibre Reinforced Composites

List of Notations
𝑆

Siemens

ρ

Resistivity

σ

Conductivity

E

Elastic Modulus

EO

Initial Modulus

En

Normalized Modulus

A

Ampere

I

Current

σ

Conductivity

δav

Average Crack density

𝛿𝑛

Normalized crack density
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Chapter 1
Introduction
This chapter introduces the thesis work which includes background of
the project, the main objectives and the thesis outline.
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Chapter 1

1.1 Background of the Project

A composite is a material made by combining two or more constituents.
The two basic ingredients of a composite are, the fibres and the matrix,
but it also contains fillers or pigments. The fibres and matrix both have
different properties and together they make a composite with unique
properties. The matrix is the continuous phase of the composite and
fibres are discontinuous phase. Fibre can be synthetic (glass, aramid and
carbon) or natural fibres while the matrix can be of polymeric material,
metal or ceramic. Based on matrix type, composite materials are divided
into three categories i.e. metal-matrix composites, ceramic-matrix
composite and polymer matrix composites. While metal composites
have advantages such as, their superior mechanical properties, good
electrical and thermal conductivity, low coefficient of thermal expansion
and good wear and heat resistance but their high weight and corrosive
nature limits their applications. Whereas polymer composites are lightweight, corrosion and chemical resistant and have high strength and
stiffness to weight ratio which make them an attractive material for
aerospace, automotive, defence, construction, marine, sports good, oil
and gas industries. They are the most common type of composites and
can be made from different polymers including thermosets and
thermoplastics while reinforcements can be synthetic or natural and are
either in the form of long fibres or small particles. A polymer reinforced
with fibres is also called a fibre-reinforced polymer.

Although the exceptional advantages offered by fibre-reinforced
polymers are meritorious, but one of their major drawbacks is their weak
Interlaminar properties such as Interlaminar-shear strength (ILSS),
Interlaminar fracture toughness (ILFT) and Interlaminar fracture strength
(ILFS) in laminated structures. The poor Interlaminar properties are
caused by weak bonding between fibre and matrix, voids or defects in
the matrix formed during manufacturing process, all these results in
delamination and ultimate failure of the composite. To improve the out
of plane mechanical properties of the FRCs nano fillers are used [1-6].
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The role of nanotubes is to delay crack propagation by strengthening
the interface and hence prevent debonding and delamination.
Different types of nanoparticles have been used so far to improve
interlaminar properties such as, nano diamonds, carbon nanofibers,
graphene nanoplates, gold and silver nano particles, iron oxide, nano
clays and nano silica but carbon nanotubes (CNTs) being stronger and
stiffer are the most preferred one. Carbon nanotubes are the smallest
and strongest known nanomaterial discovered in 1991 by Iijma [7] and
widely used in the areas of science and engineering. They are members
of fullerenes family which also includes Bucky balls. While Bucky balls
are spherical in shape, they are cylindrical. They are one dimensional
large molecules of pure carbon with nanoscale diameter. Their aspect
ratio is greater than 1000 [8]. They exhibit unique structure and
excellent mechanical, electrical and thermal properties. Their axial
elastic modulus is reported to be 1-2 TPa, tensile strength of 200 GPa

and electrical conductivity is reported to be 1000 times higher than

copper wires [9]. Moreover, they also exhibit high thermal stability

up to 2800°C in a vacuum or inert atmosphere, their thermal

conductivity is about twice as high as diamond [10]. These
outstanding properties makes it an excellent filler to be used in
composite and improve their mechanical, electrical and thermal

properties. These nanotubes are either added to the matrix alone
to form CNT/polymer composite or added to the fibre-reinforced
composite to form a multiscale composite. Multiscale composites

are commonly manufactured by hand lay-up, resin transfer
moulding (RTM) or vacuum assisted resin transfer moulding
(VARTM) described in section 2.8.

However, there occurs some critical challenges in processing of
multifunctional multiscale composites that need to be solved to

achieve best performance of a composite. One of the issues arises
is the increase in resin viscosity by adding high contents of

nanotubes, the high resin viscosity makes it difficult to infuse.
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Therefore, it is important to use an optimum content of nanotubes
that enhances the properties of a composite

Another big issue is the homogenous dispersion of nanotubes in
the polymer matrix, the strong interactive forces between

nanotubes causes them to agglomerate and prevent their proper
dispersion. A good interfacial interaction between nanotubes and

the matrix is also important for the enhanced load transfer. These
issues can be solved by functionalizing nanotubes, which is done

by attaching functional groups to the surface of the nanotubes.
Functionalization of nanotubes improves the interfacial interaction

between nanotubes and the polymer matrix, and once the
interfacial interaction is improved their dispersion becomes easy.
1.2 Objectives
The aim of this master’s thesis is to develop multiscale composites with
improved multifunctional performance. This is achieved by adding
MWNCTs to the carbon reinforced composites. The nanotubes addition
was performed in two ways, (1) they are added to matrix and aligned by
applying electric field and (2) they are deposited on carbon fibres via
electrophoretic deposition. The MWCNTs are added in different
concentrations to investigate relationship between the nanotube
content and the final properties of the multiscale composite. This
project is aimed to investigate the electrical conductivity and mechanical
performance of multiscale composites under cyclic loading conditions.

1.3 Thesis Outline
This thesis is divided into five chapters.
1. An introduction of the project, objectives and the thesis outline are
presented in chapter one.
2. Chapter two gives survey of theoretical background of the project
with the intent of broadening the knowledge about past research in
multifunctional multiscale composites.
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3. Chapter three contains materials used in the project, their
specifications and the details of experimental part which includes the
manufacturing

processes

of

the

multiscale

composites,

and

descriptions of their testing procedures.
4. Chapter four presents result and analysis of the experimental work.
5. Chapter five summarizes conclusion drawn from the experimental
results and presents future recommendations for this work. At the
end of the thesis, references and appendix are provided.
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In this chapter, a literature survey of multifunctional
composites is presented.
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2.1 Fibre Reinforced Composites

Fibre-reinforced composites are widely used in aerospace, automotive,
construction and recreational industry because of their high specific
strength and stiffness, low weight, resistance to corrosion and ease of
processability. The reinforcement in FRCs are generally in the form of
long fibres (continuous) or short whiskers (discontinuous). Continuous
fibre reinforced composites contain long fibres oriented in one direction
thus enhancing strength of the composite in the fibre direction while
discontinuous fibre reinforced composites have the fibres with
sufficiently low length where they are dispersed in matrix either
randomly or oriented in one direction. They possess good mechanical
properties in fibre direction (in-plane) but poor in transverse direction
(out of-plane). The low out of-plane properties of FRCs causes
delamination of the laminate by separating the individual plies from
each other. Thus, it is very important to enhance the delamination
resistance of the composites. Once the delamination resistance is
improved, the interlaminar properties will also improves. There are
different methods to improve interlaminar properties such as, sewing
techniques that include 3D weaving, braiding, stitching and embroidery
[11-16]. These methods enhance the Interlaminar properties but at the
cost of in-plane properties. Another possible approach to enhance
interlaminar properties is the addition of nanoparticles in the matrix or
depositing them on fibre surface shown in figure 2.1. Among the
nanoparticles, CNTs are the best candidates to enhance interlaminar
properties due to their excellent physical, mechanical and electrical and
thermal properties. The addition of CNTs to the composite forms a
multiscale composite with multiple structural and functional roles.
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Figure 2.1: reinforcements (a) One-ply fabric, (b) Incorporation of nano reinforcements onto
the fabric. [17].

2.2 CNT/Polymer Nanocomposites
It is stated earlier that the extraordinary properties of CNTs enables it
to be used as reinforcement in composites. It can be used in different
forms e.g. SWCNTs or MWCNTs and with different matrices such as,
ceramic, metals and polymers. Polymers are of great interest to the
scientists to use it as matrix material because of its ease of processing
and fabricating complex shaped materials. CNT/polymer composites
are generally fabricated by common method such as, in-situ
polymerization, solution mixing and melt processing, that are detailed
in section 2.3. CNT/polymer composites can be used in both structural
and functional applications. The structural composites exhibit unique
mechanical properties, such as high elastic modulus, tensile strength,
strain to fracture and can withstand cross-sectional twisting and
distortions and

compression without fracture.

But when these

composites are used for functional purposes, other properties are
important such as, good thermal and electrical conductivity. Their
functional properties are utilized to fabricate functional materials
possessing photoemission, electrical conductivity, energy storage,
chemical sensing and thermal conduction performances.

2.3 CNT/Polymer Composites Processing Methods
There are different methods to fabricate a CNT/polymer nanocomposite
with dispersed CNTs such as, (1) solution mixing, (2) melt mixing, (3)
in-situ polymerization and (4) Latex technology.
6
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2.3.1 Solution Mixing
Solution mixing is the most common and simplest method for the
fabrication of CNT/polymer nanocomposite. The three important steps
of this process are, (1) dispersion of CNTs powder in solvent by vigorous
stirring or sonication, the most efficient dispersion of CNTs in this step
can be achieved by bath or tip sonication, (2) mixing of CNT dispersion
with polymer solution,(3) solvent evaporation from the mixture with or
without vacuum to get the final composite. The benefit of this method
is that the agitation facilitates proper dispersion of the nanotubes in a
polymer matrix. The crucial step to be emphasized (during the
fabrication) in this method is the even dispersion of CNTs in the polymer
matrix.
Li et al. [18].

fabricated a nanocomposite by solution-precipitation

technique to disperse CNTs in polycarbonate solution by sonication at a
frequency of 20 kHz for 10 min. Safadi et al. [19] used ultrasonication
and dismembrator at 300 W for 30 min to disperse MWCNTs in
polystyrene matrix. Ajayan et al. [20] fabricated a nanocomposite from
thermosetting epoxy matrix by solution mixing method. In their work,
MWCNTs produced by arc-discharge method were dispersed in ethanol
by sonication and then mechanically mixed with the mixture of epoxy
monomer and curing agent. The volatile solvent was evaporated, and
the CNT-polymer mixture was poured into capsular moulds and then
cured.

2.3.2 Melt Processing
In solution mixing method, the polymer matrix should be soluble in at
least one solvent. However, this is sometimes problematic for some
polymer types that are insoluble in solvents. Melt processing is an
alternative method used to fabricate CNT-polymer composites from
thermoplastic polymers such as, polypropylene (PP) [21], polystyrene
(PS) [22], poly (ethylene 2,6-naphthalate) (PEN) [23]. This method is
regarded as best for processing of thermoplastic composites because
they soften easily at elevated temperatures. Amorphous thermoplastics
7
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are processed above their glass transition temperature while semicrystalline are heated above melting temperature.
This process involves melting of polymer pellets to form a viscous liquid
followed by mixing of carbon nanotubes into the melt mixture by
shearing. Shearing of the mixture is done by using special equipment
such as extruder and injection moulding machine. Advantages of this
method are its speed, simplicity and CNTs dispersion without any
solvent. Some drawbacks of this method are poor dispersion of CNTs in
polymer matrix compared to the dispersion achieved by solution mixing
and its limited application to low CNT concentrations in matrix as the
higher loading of CNTs increases the viscosity of composite.
Jin et al. [24], fabricated nanocomposites by melt mixing of
polymethylmethacrylate (PMMA) with 26 wt. % MWCNTs in a laboratory
mixing moulder at 200 °C. The melt mixture was then compression
moulded at 8-9 MPa at 210°C. Bochini et al. [25], used MWCNTs and
linear low-density polyethylene (LLDPE) to fabricate a nanocomposite via
melt-blending using a Bartender Plasticorder internal mixer. The CNT
dispersion in LLDPE showed delayed thermal and oxidative degradation
with respect to neat LLDPE.

2.3.3 In-situ Polymerization
In-situ polymerization is another processing method of nanocomposite
to uniformly disperse CNTs in the polymer matrix. In this method,
monomers are the starting materials, are mixed with CNTs in the
presence or absence of solvent. These monomers are then polymerized
by standard polymerization methods such as, condensation or addition
reactions with a curing agent at higher temperatures. The benefit of this
method is that it facilitates the grafting of the polymer molecules onto
the surface of CNT which increases their interaction and improves their
dispersion. This technique is applicable to all those polymers which are
insoluble and thermally unstable and cannot be processed by solution
or melt processing.
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Hu et al. [26] fabricated a MWCNTs/polyimide (PI) nanocomposite via insitu polymerization of monomers. The MWCNTs were functionalized
with

acyl

groups

and

then

reacted

with

3,3´,4,4´-

biphenyltetracarboxylic dianhydride to form MWNT-poly (amic acid).
Imidization of the MWCNT-poly-(amic acid) at 350°C for 1 h under
vacuum gave the final composite.
2.3.4 Latex Technology
Latex technology is a system of two ingredients, the latex and the
nanoparticles suspension. The two ingredients are mixed together to
form a double colloid suspension, which on further processing forms a
nanocomposite.
2.3.4.1 The Latex
The latex in general terms refer to a suspension of substance in water.
The substance to be suspended is in the form of spherical particles in a
suspension. In synthetic latex, the suspended part is polymer material
e.g. paints. Since most polymers are insoluble and form coagulation
when added to water, therefore a compatibilizer is required to mix the
polymer with water and make a suspension. This compatibilizer is very
often an amphiphilic molecule with polar group attached to the water
and non-polar one to the polymer. The amphiphilic molecule prevents
coagulation of the polymer molecules and helps in making a uniform
suspension.
2.3.4.2 The CNTs-Suspension
The CNT-suspension is made by simply mixing CNTs in water. The
aromatic and nonpolar nature of CNTs makes it highly hydrophobic
which prevents the formation of suspension. This problem can also be
solved by using compatibilizer as used in latex preparation. The
compatibilizer increases the hydrophilicity of the CNTs through
chemical functionalization of their surfaces or by using surfactants.
Surface functionalization introduces chemical groups on the surface of
CNTs by covalent linkages. However, chemical functionalization may
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negatively influence electrical conductivity and is only preferable for
applications where mechanical properties are important.
For applications where electrical conductivity is prerequisite, surfactants
are used to prepare latexes. The physical absorption of surfactant on
nanoparticle surface makes it hydrophilic. The hydrophilic CNTs are easy
to disperse and make CNT-water suspension.
To achieve better dispersion of the CNTs in the water, energy is needed
to break the individual CNTs in the water suspension. This energy is
most often provided by ultrasonication where the shear forces created
in the solvent peel off the CNTs from bundles (SWCNTs) or agglomerates
(MWCNTs).

2.3.4.3 The Final Processing
In the final stage, the latex and the CNT-suspension are mixed together,
and the water phase is evaporated via evaporation, sublimation (freeze
drying) or filtration. When the water is removed, the resulting powder is
further processed to manufacture a desired shape product. The
advantages of this process are numerous such as it is easy, versatile and
reproducible. This process allows a homogenous dispersion of CNTs in
the matrix at low percolation threshold. It is very reasonable method
with respect to the choice of polymer and can be applied to any polymer
whether it is synthesized by emulsion polymerization or brought into
latex form by artificial way. The solvents used in this method are safe
and environmentally friendly. Moreover, this process prevents the
chemical modification of CNTs walls which help in retaining their
electrical properties.
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Figure 2.2: Schematic of the latex technology process. [27]

2.4 The Concept of Multifunctionality
The word “multifunctional” means a system with diverse functions, apart
from the main function. In simpler words, it’s a system which perform
wide range of functions. The multifunctional systems/structure
eliminates the combination of one or more components into a single
system. Multifunctional materials are devised to perform integrated
structural and non-structural purposes such as electrical, magnetic,
optical, energy storage, sensing and actuation, self-healing. They have
great potential to impact future structural performance by minimising
the weight, cost, energy consumption, size and structural complexity
and improve efficiency, safety and versatility. Multifunctionality is
integrated at different length scales from nano to macro and various
dimensional scales [28]. The performance of multifunctional material is
different from its components and is a combine performance of the
different scale constituents thus it is very important to have a good
interconnectivity between the components. Due to multiple structural
and non-structural functions performed by multifunctional materials
they are increasingly used in many areas of life [29].
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Figure 2.3: Recent applications of multifunctional multiscale composites [30]

2.5 Multifunctional Multiscale Composites
Multiscale

composites

are

formed

by

combining

various

scale

reinforcements in a single composite. They are called “multiscale

composites” because of the different scale constituents. These different
scale phases interact with each other to form a structure with

multifunctional performance such as, mechanical, electrical and thermal
properties, magnetic, biological, chemical and optical. Multifunctional
multiscale composites are formed by adding nano reinforcements to the
fibre reinforced composites. There are two approaches of nano
reinforcement incorporation into the FRCs, (1) adding them to the matrix
(2) depositing them on fibres. Multiscale composites are typically
fabricated by resin transfer moulding (RTM), vacuum-assisted resin
transfer, (VARTM) or wet-hand lay-up, these methods are described in
section 2.8.
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Figure 2.4: Schematics of the two methods of nanotubes incorporation in fibre reinforced
composites [31].

2.6 Fabrication of Multifunctional Multiscale Composites
2.7 Deposition of CNTs on Fabrics
The commonly used methods used for the deposition of CNTs on the
surface of fabrics are dipping deposition (DD), electrophoretic
deposition (EPD), spraying deposition and chemical vapour deposition
(CVD).

2.7.1 Dipping Deposition
In this simplest deposition method, carbon fibres to be modified act as
a substrate. These fibres are dipped in a solution containing dispersed
CNTs. After immersing carbon fibres, CNTs adhere to the fibres via
physiochemical interactions such as, van der Waals, electrostatic and
capillary interactions. These interactions are present between chemical
groups on the CNTs or on the surface (surface coating) of the fibres. The
functional groups on CNT (in case of functionalized CNTs) or fibre
surface provide them anchorage and prevent the removal of CNTs from
the fibre, after it is removed from the dipping solution. However, it is
customary to functionalize CNTs or fibres prior to the deposition
process.
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Figure 2.5: Schematic of CNTs deposition on Fibres [32]

2.7.2 Chemical Vapour Deposition
Chemical vapour deposition (CVD) is an effective technique used to
deposit CNTs on fibres. In this method, catalysts are first deposited on
the fibre surface. Commonly used catalysts to deposit on fibre surface
are Fe, Ni, SiO2, Co and ferrocene. After the catalyst is deposited on fibre
surface, it is placed in CVD chamber for the growth of CNTs. The growth
of CNTs on fibre surface is carried out by using carrier gas which is
usually a mixture of N2, H2 and Ar gases. The growth of CNTs is carried
out in a closed chamber by decomposing a hydrocarbon gas such as,
acetylene, toluene, ethylene or benzene on a fibre surface. This process
occurs at high temperature usually above 700°C. The benefit of this
process is controlled growth, thickness, uniformity and density of CNTs
by controlling the experimental parameters. The most important
parameters which controls the CNT quality are the processing
temperature, type and size of catalyst particles, hydrocarbon source and
growth time. The drawback associated with this method is the use of
high temperatures which degrade the mechanical properties of the
fibres.

2.7.3 Electrophoretic Deposition
Electrophoretic deposition (EPD) is an industrial-coating process used
to coat conductive parts.
EPD is widely used to coat different kinds of materials such as,
biocompatible

hydroxyapatite

coating,

silica,

titanium

dioxide,

multilayer composites and functionally graded ceramics [33-34]. In this
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process, suspended electrically charged particles travel through the
fluid under the influence of electric field applied between the two
electrodes (an anode and cathode) immersed in fluid medium. When the
voltage is applied, the suspended particles move towards the opposite
electrode and forms coating on it. This entire process takes place in an
electrochemical cell shown in figure 2.6 where one electrode is the
substrate to be coated. Deposition of particles occurs via particle
coagulation. This method is applicable to particles size (>30 µm) and
colloidal suspensions. Contrary to other deposition methods, it offers
many advantages such as, process simplicity, low cost, uniform particle
deposition, control of coating thickness and deposition on complex
substrates. All these advantages enable it to form films and coatings of
CNTs. EPD can also be used to deposit CNTs on carbon fibre fabric from
aqueous nanotube dispersion. The process starts by placing carbon
fibre fabric between the two electrodes and applying a DC current. The
CNTs starts moving under the influence of electric field and starts
depositing on the carbon fibre fabric.

Figure 2.6: Schematic of EPD set up for CNT deposition on Carbon fabric [35]

2.8 Manufacturing of Multifunctional Multiscale Composites
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composites

are

generally

fabricated

by

common

manufacturing techniques such as, resin transfer moulding (RTM),
vacuum-assisted resin transfer moulding, (VARTM) and wet-hand layup.

2.8.1 Resin Transfer Moulding
Resin transfer moulding (RTM) is a low pressure closed mould process.
This process is used to manufacture composites of complex shapes,
large surface areas and smooth finishes. Schematics of the main steps
of this method is shown in figure 2.7. In this technique, the
reinforcements in the form of different lay-up are first placed in the
heated mould, then a catalysed low viscosity resin is injected into the
heated mould. When the injection process is completed, the curing of
the resin starts, and the resin polymerizes to form a rigid material. Once
the resin is completely cured, the mould is opened to remove a final
composite. The reinforcements are either used in the form of individual
fibres or in woven form, unidirectional or chopped strand mat. The
viscosity of the resin plays a very important role in this process because
the injection time of the resin depends on its viscosity, the higher the
viscosity, more pressure will be required to inject it which may cause
displacement of the fibres called Fibre wash. Thus, it is important to
keep the viscosity of the resin low during the entire process.

Figure 2.7: Steps of Resin transfer moulding [36]
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2.8.2 Vacuum Assisted Resin Transfer Moulding
VARMT is variation if RTM and is low pressure closed mould
manufacturing process. The difference between RTM and VARMT is the
replacement of the top portion of mould with a vacuum bag. The
experimental setup involves a mould covered by vacuum bag to create
vacuum. This vacuum helps the liquid resin to flow into the fibres placed
in the mould. When the resin impregnates the fibres, curing of the
composite part occurs followed by the post-curing to form a finished
product. The benefit of this methods is the production of large and
complex- shaped and high-quality aerospace parts. High-quality parts
can only be created if the air leakage is prevented. Air leakage into the
mould causes the resin to flow improperly through the mould and create
air bubbles. These air bubbles cause voids or defects in the composite
and reduce its mechanical properties. This technique manufactures
composites with fibre volume fraction between 40-50%. One of its major
drawbacks is that composites have very good surface finishing only on
one side due to one-sided mould.

Figure 2.8: Illustration of vacuum assisted resin transfer moulding [37]

2.8.3 Hand-Lay Up
Hand lay-up is popular and manual manufacturing method for
composites. Before starting the process, a gel coating is applied to the
mould by spray-gun to get high quality surface finish. The fibres are
then placed manually in the mould which are in the form of woven,

knitted, stitched or bonded fabrics. The resin is poured into the mould,
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and the laminate is consolidated by applying rollers for forcing resin into
the fibres. The laminates are cured at room temperature.

Figure 2.9: Schematic of Hand lay-up process [38]

2.9 Properties of Multifunctional Multiscale Composites
2.9.1 Mechanical Properties
The mechanical properties of the multifunctional multiscale composite
strongly depend on the CNT dispersion, their alignment, aspect ratio
and most importantly the interfacial adhesion between nanotubes and
the polymer or fibres. The stronger the interface, more stress will be
transferred to the fibres from the matrix and hence better will be the
mechanical properties. The aspect ratio of CNTs should be large enough
so that maximum stress is transferred to it. The even dispersion of CNTs
provide large surface area to bonding with polymer matrix and thus
improves mechanical properties. Alignment of CNTs is important in
enhancing mechanical properties of composites such as strength and
modulus in the alignment direction. But again, the most important is the
interface because it aids in load transfer and hence plays a significant
role in determining mechanical properties of the composite. Thus, it is
important to engineer the interface in way to transfer more stress at low
strains. The strong interface will improve the interfacial shear strength
and prevents debonding and

thus prevents

delamination.

The

improvement of an interfacial strength improves the overall strength
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and toughness of the multiscale composites by crack bridging
mechanism where the dispersed nanotubes limit the crack growth by
acting as bride between the crack surfaces. Moreover, CNTs also tend
to obstruct the crack propagation by crack deflection where they change
the propagation path of the crack and improves the toughness of
multiscale composites.

2.9.1.1 The Interface
Interface is a region or boundary where the two distinct phases of the
composite (the fibre and the matrix) are bonded to each other.
Interfacial area is very important in stress transfer and it depends on
aspect ratio of the fibre. The high the aspect ratio (length/diameter µm/nm) large will be the interfacial area provided for stress transfer.
Interface is usually a weak region and very susceptible to the
propagation of cracks because of the high concentration of cracks due
to mechanical loads. These high stresses are formed due to the
mismatch of mechanical properties between fibre and matrix. When the
interface fails, debonding occurs where either the matrix fails, or the
nanotube-matrix fails under the effect of large shear stresses. Hence it
is important to make the interface stronger to transfer more load from
the matrix to the fibre. Interfacial region can be made stronger by strong
association of the fibre and matrix. The interfacial strength can be
improved by using different covalent non-covalent techniques such as,
bridging,

specific

interfacial

area

wrapping

and

covalent

functionalization. The phenomenon of wrapping occurs at the interface
between the CNT and polymer matrix where the polymer chain wraps
around the CNTs. The forces that keeps the polymer chain around the
CNTs are electrostatic forces like van dar Waals forces and aromatic
hydrophobic forces. It is thought that the geometric parameters of the
nanotubes and polymer can affect the wrapping of the polymer chain.
Carbon nanotubes with diameters smaller than the radius of gyration of
the polymer will form a strong interface by tightly wrapping the polymer
molecules around the CNTs. Covalent methods involve attachment of
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chemical groups to either the ends or sidewalls of CNTs or the polymer.
The chemical groups on CNTs form covalent bonding with the polymer
matrix and thus increase the interfacial adhesion. Besides increasing
interfacial bonding, it also helps in the uniform dispersion of CNTs in
the polymer matrix. Some scientists also suggest that using covalent
and non-covalent functionalization simultaneously can improve the
interfacial stress transfer [39].

2.9.1.2 Interlaminar Properties of Multiscale Composites
The

interfacial

properties

of

nanocomposite

are

important

in

transferring more load to the reinforcement and thus enhancing
Interlaminar properties.
Different types of NPs have been used to enhance Interlaminar
properties such as, CNTs, GNPs, MWCNTs, CNFs, silica and alumina.
Chandrasekaran et al. [40] studied the effect of 0.5 wt% MWCNTs in the
carbon fibre epoxy composite using compression shear method. It was
found that the non-functionalized MWCNTs increases ILSS properties up
to 41% while the functionalized one increases up to 61%. The authors
concluded that the improvements in the ILSS was due to chemical
interlocking between CNTs and the fibres (stronger interlocking in case
of functionalized MWCNTs).
Liu et al. [41] used MWCNTs and reactive aliphatic diluent named Nbutyl glycidyl ether (BGE) in glass fibre epoxy composite. The MWCNTs
improved the matrix properties via crack bridging phenomenon while
BGE enhanced the adhesion between glass fibres and the matrix. The
combined effect of MWCNTs and BGE enhanced 25% of ILSS of the
composite.
To prevent delamination, it is important to improve Interlaminar fracture
strength and Interlaminar fracture toughness (ILFS, ILFT). Eskizeybek et
al. [42] investigated the properties of the composite made of fibres on
to which CNTs were spray coated. This composite showed 100%
improvement in mode 1 ILFT and no interfacial failure was observed
between the fibres and the matrix.
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Siegfried et al. [43] studied the properties of composites with CNTs
perform better under impact loading due to their improved ILFS.
However, some delamination was also observed which showed that the
CNTs acted as stress concentrator under compression loading and made
the resin more susceptible to cracking. Hence, it should be noted that
incorporation of CNTs could give negative results.
Wichmann et al. [44] added 0.3 wt% CNTs in glass fibre epoxy composite
and found 16% increase in ILSS but the fracture toughness values (GΙC
and GⅡC) were not improved.

2.9.2 Electrical Properties
A key area where electrical conductivity is required is an aircraft
structure, where non-conducting structures can be harmed by
lightening. This issue can be solved by using conductive polymer
composites. These polymer composites are used in wide variety of
applications such as electrical conducting adhesives, antistatic coatings
and

films,

electromagnetic

interference

shielding

materials

for

electronic devices, thermal interface materials [45, 46]. The electrical
conductivity of multiscale composites is studied by many researchers.
Rana et al. [47] reported 16% increase in volume conductivity of
multiscale composite manufactured by adding 0.1% SWCNTs to
carbon/epoxy composite. In another study by Qiu et al. [48] the addition
of 1wt% MWCNTs to non-conducting glass fibres improves the
conductivity by 11 orders. In conductive composites, electrical
conduction occurs via conducting path formed between nanotubes. The
conductive nanocomposites are based on the principle of “percolation

theory” which explains the transition from insulator to conductors in
materials.

2.9.2.1 The Percolation Threshold
The term “percolation” was first introduced by Hammersley and
Broadbent in 1957, which originally dealt with the movement of the
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hypothetical fluid particles through a random medium. In multiscale
polymer composites, the electrons are free to move through the

conductive nanoparticles. These conductive particles form a “percolation

network” by connecting to each other through their ends. This

conducting network allows the electrons to flow through it and transfer
current throughout the material.
Percolation threshold is that minimum content of CNTs which
characterizes

the

drastic

increase

in

electrical

conductivity

of

nanocomposite. Above the percolation threshold, electrical conductivity
increases due to formation of multiple conducting paths in the matrix
so that it reaches a saturation plateau and below this value, electrons
paths do not exist. A slight increase in CNT content enhance electrical
conductivity by several order magnitudes. Conventional conductive
fillers such as metal powders or carbonaceous materials like carbon
black (CB), exfoliated graphite and carbon fibres are microscale and the
percolation threshold with these fillers can be achieved at 10-50 wt.%
which results in poor mechanical properties and a high density [49-53].
These issues can be minimized by using CNT which are nanoscale
reinforcements. In comparison to the conventional fillers, their high
aspect ratio and excellent conductivity allows them to form the
conducting network at low content and thus transform an insulating
polymer matrix into conducting composite.
The amount of conductive fillers plays crucial role in transition from
insulator to conductor. By increasing amount of conductive filler, three
distinct phenomena happen which describe the link between filler
concentration and electrical conductivity as shown in figure 2.10. It can
be seen in the S-curve that at low filler concentration, in region A the
electrical conductivity is very low somewhat closer to the conductivity of
neat polymer which is 10-14 to 10-17 S/cm. This is because at such a
lower filler concentration, the conducting path does not exist to
transport current. By increasing the filler content to a certain threshold
value, in region B, conductive network forms which allows the electron
to flow through it hence increasing the electrical conductivity. After this,
when filler concentration is further increased, electrical conductivity also
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increases because of formation of percolation path. This increase in
conductivity will happen until it reaches the conductivity of the filler.
Finally, a point is reached where the addition of more filler will not
increase the conductivity anymore, this point is called percolation max.

Figure 2.10: Percolation S-curve. [8]

2.10 Factors Affecting Electrical Conductivity of Multifunctional
Multiscale Composites

The physical properties of multiscale composites primarily depend on
its nano and micro scale reinforcements. It is known that the nano-scale
reinforcement is unique due to their excellent mechanical, electrical and
thermal properties. There are many factors which affect these properties
and thus the final performance of the resulting nanocomposite.
Concerning the electrical properties of multiscale composite, they are
strongly influenced by CNTs because of their conductive behaviour. The
electrical conductivity of these 1-D CNTs depends mainly on their
structure. Due to 1-D nature of CNTs, electrons tend to rotate around
the CNTs axis. This results in a significant difference between axial and
radial electrical conductivities with the values being 1000 S/m and 150
S/m, respectively. [54]
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2.10.1 CNTs Alignment
The nanocomposite can be made anisotropically conductive by aligning
the CNTs in one direction, this alignment of CNTs will help in improving
electrical conductivity in alignment direction. The mechanism that
governs the electrical conduction in aligned CNTs is the end to end
connection between CNTs.
Contrary to this, the electrical conductivity of randomly dispersed CNTs
in the polymer matrix shows lower conductivity values, this is because
the conduction of electrons only occurs through the percolation path
which is not fully enabled in an isotropic architecture. The conductivity
of aligned polymer composite can be measured in two directions: (1) In
the CNT alignment direction (2) perpendicular to the CNT alignment. It
has been confirmed by many studies that the nanocomposite has higher
conductivity in the CNT alignment direction because the aligned CNTs
are interconnected to each other end to end thus providing a shortest
distance and continuous path to the flow of electrons without any
hindrance. Whereas in perpendicular direction, the conductive path is
separated by the polymer matrix resulting in reduced conduction [5558]. CNTs can be aligned both horizontal and vertical directions to the
surface of the nanocomposite. Horizontal alignment can be achieved by
these methods, (1) Electric field, (2) Magnetic field, (3) Shearing force,
(4) Mechanical stretching, (5) Electrospinning, (6) Infiltration and vertical
alignment by (1) Infiltration, (2) In-situ polymerization, (3) Electric field
and (4) Magnetic field. Vertical alignment of CNTs is more complicated
and difficult to achieve than a horizontally aligned CNTs [59].

2.10.2 CNTs Dispersion in Polymer Matrix
Carbon nanotubes have attracted much interests as reinforcements in
nanocomposites due to good mechanical, electrical and thermal
properties. These nanoscale reinforcements possess high aspect ratio
and surface area. The presence of intermolecular van der waals forces
between nanotubes causes them to agglomerate during manufacturing
process and prevent their homogeneous dispersion. Multiwalled carbon
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nanotubes (MWCNTs) are entangled in the form of curved agglomerates
while single walled carbon nanotubes (SWCNTs) in the form of bundles
Homogenous dispersion of nanotubes is important to get more filler
surface area for bonding with matrix. By improving CNT dispersion in
nanocomposite both mechanical and electrical properties can be
improved. There are two main approaches to improve dispersion of
CNTs in the polymer matrix,
(1) Mechanical dispersion methods such as, Ultrasonication, high shear
mixing and calendaring.
(2) Chemical

dispersion

methods

(1)

Dispersion

by

Surface

functionalization of CNTs (2) Dispersion by Surfactants

2.10.2.1 Mechanical Dispersion
Dispersion of CNTs in polymer matrix is mechanically performed by
various techniques such as, ultrasonication, ball milling, calendaring,
stirring and extrusion. These processes use high shearing forces to
separate CNTs from the bundles. However, the high shearing energy
utilized in debundling may break or damage the nanotubes which is a
major drawback of these methods. It should be also kept in mind that it
is not possible to achieve fully dispersion of different CNTs in different
polymer matrices. Various factors such as, physical (solid or liquid),
chemical (thermoplastics or thermosets) states of polymer matrix,
dimensions and amount of CNTs to be added and fabrication processes
should be considered while choosing a specific method for dispersion
of nanotubes.

2.10.2.2 Chemical Dispersion
Dispersion of CNTs in polymer matrix can also be achieved via chemical
methods such as, by surfactant and by chemical functionalization of
nanotubes. Chemical functionalization methods introduce functional
groups to the surface of CNTs thus enhancing their affinity with the
polymer and improves dispersion.
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2.10.2.2.1 Surfactants
Surfactant are molecules with hydrophobic tail and hydrophilic head.
The dispersion of CNTs by surfactant is a physical approach where
surfactants first debundle nanotubes from the agglomerates. Strano et
al.[60] proposed a mechanism shown in figure 2.11 called “unzipping”
to isolate a nanotube from bundle using surfactant and ultrasonication.
Ultrasonication was used to provide shear forces to remove the
nanotube from the bundle. According to this mechanism, a surfactant
molecule enters small spaces between the individual nanotube. Once
spaces are created between the nanotubes, it propagates by adsorption
of surfactant and finally separating individual nanotube from the bundle.

Figure 2.11: Unzipping mechanism of nanotubes from bundles [60]

After the isolation of the nanotube from the bundle, surfactant prevents
the re-aggregation of individual nanotubes by interacting with them
through the hydrophobic tail and hydrophilic head. The surfactant
associates with the CNT in three possible configurations in such a way
that it hydrophobic tail faces inwards and hydrophilic head outwards
[61]. These configurations shown in figure 2.12 are; SWCNT is enclosed
within cylindrical micelles [62] or covered with either hemispherical
micelles [63] or randomly covered nanotubes [64]. Surfactant mediated
CNT dispersion is particularly attractive approach because it is physical
adsorption method. Various groups can be adsorbed on the surface of
CNTs without disturbing the pie-electrons of the CNTs thus preserving
electrical properties [65].
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Figure 2.12: Illustration of mechanism of surfactant interaction with CNTs. (a) Encapsulation
of SWCNT in a cylindrical surfactant micelle (both cross section and side-view), (b) Adsorption
of hemi micellar surfactant molecules on SWCNT, (c) random absorption of surfactant
molecules on SWCNT [64]

2.10.2.2.2 Covalent Functionalization
Another approach to disperse nanotube is to chemically attach
functional groups to the CNT surface via covalent linkage. The functional
groups are attached at the end caps, defects or on the side walls. End
caps and defects can be functionalized by oxidation of CNTs. Oxidation
of CNTs at high temperature causes the opening of their ends.
Oxidation of CNTs can also be achieved by using strong acids and
oxidizing agents. These oxidizing treatments introduce functional
groups such as alcohol (-OH), carboxyl (-COOH) and ketone (R-(C=O)R´) on the surface of CNTs. The polar nature of these functional groups
changes the behaviour of CNTs from hydrophobic to hydrophilic. The
hydrophilicity of CNTs makes them easier to disperse and interact with
polymer matrix. However, this practice is not so useful for applications
where electrical conductivity is required because the covalent bonding
damage the intrinsic structure of CNT by disrupting the pie (Π) bonding
of graphene sheets.

2.10.3 CNTs Concentration
Another factor influencing the conductivity of the nanocomposite is the
concentration

of

the

CNTs.

By

increasing

CNTs

content,

a

nanocomposite undergoes a transition from insulator to a conductor.
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The relationship between composite resistivity and CNT content can be
explained by Percolation theory as,
ƍ = ƍ0 (v-vc) t
where ƍ is composite resistivity, ƍ0 is resistivity of composite filler, v is
volume content of filler and, vc is percolation threshold and t is the
critical exponent. This equation is valid only if the CNTs concentration
becomes higher than percolation threshold v > vc. The incorporation of
CNTs slightly higher than percolation threshold will result in the
formation of conductive paths and enhancing electrical conductivity.
However, high loading of CNTs in the polymer matrix causes the CNTs
to agglomerate and prevents network formation and as a result lowers
conductivity.

2.10.4 CNTs Aspect Ratio
Aspect ratio is defined as the ratio of the length to diameter. The length
of the CNTs is in the order of millimetres and their diameter is in
nanometres range from1- 100 nm. But in general, the aspect ratio varies
from 1 (for spherical particles) to several hundred or more (for fibres).
The aspect ratio of CNTs has its role in enhancing electrical conductivity
of nanocomposite. When the aspect ratio is high, the CNTs starts
connecting to each other by their ends and thus form a conducting
network even at low CNTs concentrations. But when the aspect ratio is
low, conducting network formation is not favoured because the
nanotubes are not in contact with each other. This effect can be shown
in figure 10 where at the aspect ratio of 1, the network formation is very
small as the particles are not in contact with each other. However,
increasing the aspect ratio to 4 and then 64, the particles starts joining
to each other and therefore increases the electrical conductivity.
Therefore, the aspect ratio has a direct relation with increasing electrical
conductivity.
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Figure 2.13: Effect of nano reinforcements aspect ratio on electrical conductivity. [66]

2.11 Challenges in Processing of Multiscale Composite
2.11.1 CNTs Dispersion
The first and the most challenging issue in processing of multiscale
composite is the dispersion of nanotubes in the polymer matrix.
Nanotubes exhibits a very large surface area which is very good for the
large stress transfer but is also accountable for the formation of
agglomerates. These aggregates of nanotubes are held together by van
dar waals forces which makes it difficult to disintegrate the nanotubes
and mix them in polymer matrix which in turn increases the resin
viscosity. Hence it is not possible to achieve the intrinsic performance
of the composites. Thus, it is very important to homogenously disperse
the nanotubes in the matrix in order to achieve good performance of
the composite. Various chemical and mechanical techniques are
employed to disperse nanotubes in the matrix for example surface
functionalization of nanotubes, use of surfactants, ultrasonication,
calendaring, stirring and extrusion. However, some draw backs
associated with methods again limit their applicability. In the chemical
functionalization of nanotubes, functional groups are attached to the
surface of nanotubes which changes the nature of nanotubes from
hydrophobic to hydrophilic and thus enhances dispersion. But
attachment of these surface groups disrupts the intrinsic structure of
nanotubes which detoriates the inherent properties of nanotubes and
the final composite. Even though the mechanical methods are also not
effective in improving dispersion, because the shearing forces breaks
the individual nanotubes.

29

Theoretical Background

Chapter 2

2.11.2 Interfacial Interaction
The interface plays an important role in the efficient load transfer from
matrix into the nanotubes. The effective load transfer can only be
realised by a good interfacial interaction between the nanotube and the
polymer matrix. CNTs being inert in nature are difficult to associate with
the polymer matrix. Again, various surface treatments are in practice to
change the surface morphology of the nanotubes by introducing
functional groups. These surface treatments allow CNTs to make an
interfacial bond with the polymer matrix and helps in load transfer to
the nanotubes. Nonetheless, these methods are regarded to damage
intrinsic structure of nanotubes by introducing defects thus negatively
affecting its inherent properties.

2.11.3 Filtration
The fabrication of nanotube modified FRCs using conventional methods
such as, vacuum assisted resin transfer moulding (VARTM) and resin
transfer moulding (RTM) causes a problem of filtration during the
infusion of CNT-doped resin. In filtration, the nanotubes are trapped in
intertow regions within the fibre preform mesh resulting in an
inhomogeneous distribution of the nanotubes in the matrix. This
phenomenon is more pronounced when nanoparticles of high aspect
ratio like carbon nanofibers and carbon nanotubes are used.

2.11.4 Resin Viscosity
Viscosity of resin plays crucial role in the manufacturing of CNT-doped
composites. A low viscosity resin is easy to infuse and facilitates even
distribution of nanoparticles. Nevertheless, the high specific surface
area of nanotubes causes them to form agglomerates and increases the
resin viscosity especially at high nanotubes content ( 10 vol%)
[67,68,69]. The increase in resin viscosity makes it difficult to infuse the
CNT/Polymer suspension through the fabric.

2.11.5 CNTs Alignment
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The alignment of nanotubes in the matrix to achieve anisotropic
properties is also a challenging task. Nanotubes can be aligned by two
ways, (1) In situ, where the alignment of the nanotubes occurs during
the formation of composite, (2) ex situ, where the nanotube are first
aligned and then incorporated into the polymer composite. However,
there are some issues associated with the proper nanotube alignment.
In nanotube alignment by ex situ methods, the nanotubes are aligned
beforehand using well-aligned nanomaterial arrays and then the
polymer solution is infiltrated into the arrays. The problem with this
method is that during the polymer infiltration process, the structure of
the vertical arrays of nanotubes is buckled and distorted. During in situ
alignment,

the

nanotubes

are

aligned

during

the

composite

manufacturing by variety of ways such as, by mechanical stretching,
applying magnetic or electric field, electrospinning. But during
manufacturing nanocomposites by conventional methods such as resin
injection moulding, the dispersed nanotubes in the polymer solution
tends to agglomerate and change their direction.
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3.1 Materials
The multiscale composites investigated in this thesis work are
manufactured in SWEREA SICOMP (Piteå, Sweden).

These multiscale

composites are fabricated by incorporating MWCNTs into the fibre
reinforced composites by two different ways, (1) by modifying the resin
with MWCNTs and (2) by modifying the carbon fibres with MWCNTs. The
main constituents of the multiscale composites are multiwalled carbon
nanotubes and carbon fibres as reinforcement and epoxy as matrix
while the reference composites contain only carbon fibres in epoxy
matrix. The materials used to manufacture multiscale composites are,

3.1.1 The Reinforcements
Two types of reinforcements were used to manufacture multiscale
composites, they are;

3.1.1.1

Carbon Fibre-Fabric

The micro scale reinforcement used to manufacture multiscale
composites is a unidirectional woven carbon fibre-fabric composed of
TenaxR HTS45 E23 12K [70] for warp and hot melt 70 Tex verre
polyamide for weft, which has a surface weight of 205g/m2, from
Porcher composites.

3.1.1.2 Carbon nanotubes
Multiwalled carbon nanotubes (MWCNTs) from Nanocyle, Belgium were
used as nanoscale reinforcement. These MWCNTs, NC7000TM [71] were
non-functionalized

and

produced

by

catalytic

chemical

vapour

deposition (CCVD). Their average diameter is 9.5 nm, average length 1.5
µm, surface area 250/300 m2/g, carbon purity 90 % and volume
resistivity is 10-4 Ω.cm, according to the supplier’s specifications.
Aquacyl

TMAQ0302

[72], a waterborne suspension of 3wt.% NC7000

TM

was diluted to various concentrations for coating MWCNTs onto the
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surface of carbon fabric while EpocylTM 128-06 [73], a masterbatch
based on liquid bisphenol-A epoxy resin containing high concentration
of NC7000

TM

was used to disperse MWCNTs into neat epoxy resin. The

MWCNT concentration in this masterbatch is kept confidential. However,
the recommended dilution ratio is 6 (base resin/masterbatch

3.1.2 Resin
The resin used in multiscale composite was an epoxy, Araldite® LY
556/Aradur 917/ accelerator DY070 (Huntsman) [74] mixed in a ratio of
100:90:0.5 (parts by weight).

3.2 Methods
3.3 Manufacturing of the Multiscale Composites
Fabrication of multiscale composites was achieved in two different ways,
(1) by modifying the resin with nanotubes and (2) by modifying carbon
fibre fabric with the nanotubes. The multiscale composites used in this
project are manufacture in SWEREA SICOMP by the above mentioned two
ways:

3.3.1 Manufacturing of Multiscale Composites by Resin Transfer
Moulding (RTM)

The multiscale composites manufactured by resin transfer moulding are
formed by firstly depositing multiwalled-nanotubes on carbon fibres by
electrophoretic deposition. Nano reinforcements are deposited on
fabrics by different ways such as, spraying, transfer printing, chemical
grafting and electrophoretic deposition.

3.3.1.1 The Electrophoretic deposition (EPD) processes
Prior to the manufacturing of the final composites, MWCNTs were
deposited on carbon fabric via electrophoretic deposition (EPD) process.
Electrophoretic deposition (EPD) is an industrial-coating process used
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to coat conductive parts. The deposition of MWCNTs on carbon fabric
was carried via ultrasonically assisted EPD process. In the process, the
carbon fibre fabric was placed between two aluminium counter
electrodes kept at distance of 10 mm. The length of each aluminium
electrode was 150 mm. A constant DC voltage of 10 V was supplied to
the EPD setup so that the strength of electric field is fixed at 10 V/cm
during the complete process. The carbon fabric was fed through the EPD
bath at a speed of 50 mm/min. The deposition time for every spot on
the fabric was 3 minutes. Three concentrations of MWCNTs were used
respectively, 0.005 wt.%, 0.025 wt.%, 0.1 wt.% in this process.

3.3.1.2 Manufacturing of Final Composite by RTM
After the deposition of MWCNT on carbon fabric by EPD process, the
final composite was manufactured by Resin transfer moulding from
modified carbon fabric and unmodified epoxy resin. The modified
fabrics were placed in steel mould heated to 40°C. Heated epoxy resin
was then infused into the mould at 3 bar pressure. The heating of the
mould and resin was done to lower the viscosity of the resin and thus to
facilitate proper resin infusion. When the resin infusion process was
finished, the laminates were cured at 80°C and 3 bar pressure for 16
hours. The laminates were post-cured at 140°C for 4 hours in free
standing oven.

3.3.2 Manufacturing of Multiscale Composites by Hand Lay-Up
The second way to manufacture multiscale composites is performed by
incorporating multiwalled nanotubes into the resin. Composites from
unmodified carbon fabric and epoxy were manufactured by hand lay-up
method. The dispersion of MWCNTs in the epoxy matrix was done by
using EpocylTM 128-06, a masterbatch based on liquid bisphenol-A
epoxy

resin

containing

high

concentration

of

NC7000TM.

This

masterbatch is compatible with epoxy resin . In this method, neat resin
Araldite® LY 556/Aradur® 917/accelerator DY 070 LY556 and EpocylTM
128-06, a masterbatch were heated to 80°C for 1 hour and then mixed
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by high shearing mixer at 3500 rpm for 30 min. The resin/masterbatch
mixture was allowed to cool down to 30°C and then mixed with hardener
and accelerator and again mixed by high-shearing for 10 min.
The carbon fabrics were place in the mold and the resin mixture was
impregnated by hand into the carbon fabric. After wetting the fabric with
resin, the lay-up was compression molded to form laminate. The lay-up
was cured at 80°C for 16 h by keeping it in RTM mold in order to fix the
thickness but without additional pressure. Post-curing of the laminates
was done at 140°C for 4 hours at free standing state. Reference
composite was manufactured from unmodified carbon fabric and neat
epoxy resin by the same method. All specimens were cut using waterjet
cutting.

3.4 Characterization
3.5 Electrical Conductivity Tests
The electrical conductivity tests were conducted on

multiscale

composites. The electrical conductivity of the all the samples was
investigated

by

four

wire

resistivity

method.

The

conductivity

measurements were taken at various lengths and at five different current
values, 0.02, 0.04, 0.06, 0.08 and 0.1A. The electrical setup consists of
a DC power supply HQ Power PS3003, Sagitta multimetre to measure
current and voltage drop across the samples. However, this setup was
changed later due to voltage fluctuations cause by too low resistance. In
another setup, the multimetre used to measure voltage drop was
replaced by a data analysis and acquisition software ACQ KNOWLEDGE
to get accurate voltage values.

3.5.1 Samples for Electrical Conductivity Tests
The multiscale composites used for testing electrical conductivity were
fabricated by resin transfer moulding and hand lay-up process. These
samples are unidirectional with all the fibres in 0 direction. The samples
manufactured by resin transfer moulding have MWCNTs deposited on
fibres via EPD process, as discussed earlier while those manufactured by
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hand lay-up have MWCNTs aligned in the matrix. The electrical
conductivity of all samples was analysed in 0 direction. The samples
were approximately 200 mm long and 13 mm width. A reference sample
without any nanotubes was also tested for electrical conductivity to
compare it with the multiscale composites and see the effect of
nanotubes on altering electrical conductivity of multiscale composites.
Specifications of the multiscale samples used for electrical conductivity
are provided in the table 3.1 and 3.2 below,
Table 3.1: Sample specifications manufactured by modifying carbon fibres
Plate Number

Samples

CNT Content
(%)

Reference

Reference

0

850

S1

0.1

852

S2

0.005

851

S3

0.025

Table 3.2: Specifications of the samples manufactured by modifying resin
Plate Number

Sample type

Alignment Voltages
(V)

946

Doped

0

964

Doped

150

993

Doped

350

1003

Neat composite

350

3.5.2 Sample Preparation for Electrical Conductivity Tests
The samples for electrical conductivity measurements were removed
from big plates. Before cutting, lines were drawn on the plates to cut the
sample with correct dimensions. The samples were cut using water-jet
Discotom 100 cutting machine with a metal bonded diamond cutting
wheel. Before cutting, the plates were clamped tightly on the sample
holder and then slowly and carefully the samples were cut to their
required dimensions.
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After the samples were cut, the next step was to attach electrical
contacts on the samples. These electrical contacts were made by drilling
holes in the samples using 3.2 mm metallic needle. The holes were
drilled consecutively at four different places to get different lengths for
conductivity measurements. The top and bottom surfaces and inside of
the holes were coated with conducting silver paint to reduce the effects
of contact resistance. After that, metallic screws of 3.05 mm diameter
were inserted into the silver coated holes shown in figure 3.1(b). The
alligator clips attached to the probes of the electrical setup were
clamped with metallic screws to measure current flowing through the
samples.

(a)

(b)

Figure 3.1: (a) Kelvin setup, (b) Samples prepared for electrical conductivity.

3.5.3 Four Wire Resistivity Method
Electrical resistivity is a basic material property and it depends upon
different factors such as, material doping, processing, humidity and
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environmental temperature. There are different methods to measure
resistivity of material but the most common method to measure
resistivity of thin sheet and flat materials is the four-wire resistivity
method also called Kelvin method. Four-wire resistivity method is the

most effective method to measure resistivity of material with very low
resistances. As the name implies, “four wire resistivity”, it involves four
probes which are brought in contact with the material of an unknown
resistance. The outer two probe used for sensing current are called
source probes while the inner two probes used for sensing voltage drop
across the sample are called sense probes. The current enters the
sample through the outer two probes is measured by ammeter
connected to the wires while and the voltage drop across the sample is
measured by voltmeter connected to the inner two probes. Voltmeters
usually have high resistances, so no current will flow through the inner
probes. Thus, the inner two probes only measure the voltage drop
across the sample which means that the resistance of the wires
connected to the voltmeter and the contacting surfaces, (alligator clips,
metallic screws, wires) do not contribute to the total resistance of the
circuit. Thus, using four wire configurations, it is easy to determine the
resistance of the sample by measuring current flowing through it and
voltage drop across it. The main advantage of using this method for
conductivity measurements is the elimination of contact and wires
resistances from the measurements. The volume resistivity is calculated
as follows:
Firstly, the resistance is measured using ohm law from voltage drops
and current flowing through the sample.
𝑉

𝑅 = …….
𝐼

(1)

And then resistivity is calculated from resistance that is already
calculated from ohm law, length along which current is measured and
cross-sectional area of the sample. Since holes are drawn in the sample
to insert screw for electrical connections, so the cross-sectional area is
calculated from screw diameter and thickness of the sample,
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𝐿

𝜌 = 𝑅 . …....
𝐴

Where,

(2)

R is resistance of the material in ohm (Ω)
V is voltage drop across the sample in volts (V)
I is current flowing through the sample in ampere (A)
𝜌 is resistivity of the sample in ohm.mm (Ω.mm)
L is length between the holes along which resistivity is measured

in

millimetres (mm)
A is cross sectional area of the sample which is calculated from screw
diameter and the thickness of the sample in mm.

The conductivity of the sample is measured by taking inverse of
resistivity as follows;
1

𝜎 = …….
Where,

𝜌

(3)

σ is sigma is for conductivity of the sample measured in Siemens per
millimetre (S/mm)
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Figure 3.2: Schematic representation of four wire resistance measurement [75]

3.6 Mechanical Characterization
The aim of mechanical characterization is to understand the effect of
nanotubes on enhancing the toughness of multiscale composites. For
this purpose, the samples were axially loaded to increasing strain levels
to see the change in the stiffness of the composites with the evolution
of cracks. These microcracks were visualized and counted under optical
microscope.

3.6.1 Samples for Mechanical Characterization
Mechanical characterization was performed on multiscale cross-plies
[0,90]s shown in figure 3.3. with different nanotube concentrations.
Cyclic loading tests were performed on all samples where the samples
were loaded to higher strains to predict change in their stiffness. Before
starting the cyclic loading tests, it is very important to polish the
samples to remove all the scratches from the edges introduced during
sample cutting from the plates. The sample polishing was done to
visualize new cracks formed during cyclic loading tests under a
microscope. The samples were prepared by the following steps,
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Figure 3.3: Micrograph of polished crossply with 0° and 90° layers

3.6.1.1 Grinding and Polishing
The grinding and polishing of the cross-plies were performed to remove
deformities and scratches from the sides of the sample introduced
during the sample cutting process. Grinding and polishing removes the
scratches from the surfaces and makes the surface glossy. The purpose
of grinding and polishing is to remove the scratches and get a clear
microstructure to easily visualize the cracks. The polishing and grinding
were achieved successively using silicon carbide (SiC) papers for
grinding and diamond solutions for polishing. Grinding was started from
coarse grain size paper such as P1200, P2500 and P4000 using Buehler
MetaServe 250 Grinder-Polisher to reduce roughness and to make the
surface smooth. After grinding, polishing was performed by using fine
diamond solutions on grinding discs. The purpose of polishing was to
remove deformities left from the previous steps (grinding). Diamond
polishing was performed using diamond polishing solutions of different
grain sizes (6µ, 3µ, 1µ, 0.25µ and master met) by Struers LabPol-5
Diamond polishing machine to remove all possible minor scratches. It
should also be noted that the samples were cleaned with water after
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each step-in grinding and polishing to ensure not to transport small
particles from one step to another. The microstructure was observed
with optical microscope after each step-in grinding and polishing. It
should be noted that for good grinding and polishing a uniform pressure
was applied on the sample edges by gently pressing it with the paper
and polishing cloth, however too much pressure on the sample or
prolonging the grinding and polishing time may damage the sample
Each side of the sample should be polished for 2-3 min,. Another
important step during grinding is to change the grinding paper after
using it for one sample. The details of grinding and polishing machines
are given in appendix A.

3.6.1.2 Tabs attachment
After polishing, glass fibre/epoxy composite tabs were attached to the
ends of the sample using epoxy adhesive (Araldite 2011/A, 2011/B).
Two pieces of rough sand paper were glued in the middle of the sample
to firmly attach extensometer.

3.6.2 Optical Microscopy
Nikon Eclipse MA200 microscope was used to see the microstructure of
the polished samples. The microstructure of the samples was observed
to see the remaining scratches left after each step-in grinding and
polishing. Before performing optical microscopy, the samples were
nicely cleaned with ethanol to see clear microstructure.

3.6.3 Mechanical Testing
A tensile machine, Instron 8801 with a load cell of 100kN was used to
perform cyclic loading tests on multiscale composites. The longitudinal
strain was measured using an Instron Extensometer with a gage length
of 50 mm. The purpose of cyclic loading tests is to investigate changes
in the stiffness of the samples due to introduction of transverse cracks.
During this test, the samples were progressively loaded to higher strains
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levels starting from 0.25%, 0.4%, 0.5%, 0.6%, 0.8%, 0.9%, 1%, 1.2% and
1.4% strain as shown in figure 3.4. In between the higher strain levels,
small loading steps of 0.25% strain level were introduced to calculate
the accurate unloading modulus. After unloading at each step, replicas
were attached to the gage sections of both sides of the sample to get
marks of the cracks. The imprinted cracks on replicas were counted
using optical microscope.

Figure 3.4: Successive cyclic loading unloading curves

3.6.4 Matrix Microcracking
Matrix microcracking is form of damage commonly observed in
composite laminates. Matrix microcracks, interlaminar or ply cracks
traverses the thickness of the ply and run parallel to the fibres in that
ply as shown in figure 3.5.These microcracks are also called transverse
cracks because they lie transversely to the loading direction. Matrix
microcracking can be caused by tensile loading, fatigue loading or
thermal cycling. The presence of these microcracks causes degradation
of composite properties and serve as a source of other damage modes
such as, delamination, fibre breakage. During tensile loading,
microcracks are formed in 90 plies, when the stress in that ply reaches
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the transverse strength of that ply. Matrix microcracking is affected by
the thickness of 90° ply. In crossplies with thin 90° layer, the relative
stiffness of 0° ply increases which increase the overall strength of the
laminate and hinders the microcrack initiation. Thus, for thin and strong
plies, higher strains are required to initiate matrix microcracks.

Figure 3.5: Schematics of transverse matrix microcracks [76]

3.6.5 Crack Counting
During cyclic loading tests, transverse cracks are formed on both sides
of the sample. During the cyclic loading tests, replicas were attached to
the gage section of the sample to imprint the matrix microcracks. Upon
inspection of the replicas, different cracks were observed. The cracks
formed on the sides starts from one edge of the 90 ply and extends to
the other edge, such cracks were counted as one (1). For those that
goes half way through the 90 layer was counted as half (0.5) and those
that traverses 3/4 part of 90 layer is counted as 0.75. These replicas
were visualized under optical microscope Olympus Vanox TH4-200 to
count the cracks. The cracks introduced at each strain level were
counted from the replicas and crack density was calculated. The crack
density is calculated from the total number of cracks in the gage length.
This cracks density and thickness of 90° layer is used to calculate
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normalized crack density as follows. Formulas used to calculate average
crack density, thickness of 90 layer and normalized crack density are
given in equations 4 and 5 and 6.
𝑇𝑜𝑡𝑎𝑙 𝑛𝑜 𝑜𝑓 𝑐𝑟𝑎𝑐𝑘𝑠

….

(4)

. 𝑇90° ……

(5)

ƍ𝑛 = ƍ𝑎𝑣 . 𝑡90° …………

(6)

ƍ𝑎𝑣 =

𝑡90° =

𝑔𝑎𝑔𝑒 𝑙𝑒𝑛𝑔𝑡ℎ

𝑡𝑠𝑎𝑚𝑝𝑙𝑒
𝑇𝑙𝑎𝑦𝑢𝑝

Where,
ƍ𝑛 is normalized crack density (cracks/mm)
ƍ𝑎𝑣 is average crack density (cracks/mm)
𝑡90° is thickness of 90° layer in mm
𝑡𝑠𝑎𝑚𝑝𝑙𝑒 is thickness of the sample in mm
𝑇𝑙𝑎𝑦𝑢𝑝 is total number of layers in layup
𝑇90° is total number of 90° layers in layup

3.6.6 Modulus calculations
The elastic modulus of the cyclic tests was supposed to be calculated
from the unloading part of the small step of 0.25% strain between higher
strain levels. During the data processing, it was found that some
samples were not initially loaded to exact 0.25% strain which makes it
difficult to calculate the unloading modulus from 0.05%-0.25% region.
To solve this issue, the initial modulus (0.25%) was calculated from the
loading region of the next higher strain which was 0.4% for most of the
samples. In addition to this, due to plastic deformation in the sample, it
was not possible to calculate moduli of the higher strain levels from the
small loading step 0.25% . To solve this, all the higher strain moduli
were calculated from the unloading region of higher strain levels. This
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elastic modulus was used to calculate normalized modulus using
equation 8

𝐸=

𝐸𝑛 =

𝜎
𝜀

………(7)

𝐸
𝐸𝑂

………(8)

where,
E is elastic modulus in gigapascal (GPa)
is stress in megapascal (MPa)
is strain in percent (%)
En is normalized modulus in (GPa)
Eo is initial modulus in (GPa)
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RESULTS AND DISCUSSION
This chapter contains results and discussions from electrical and
mechanical testing of composites.
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4.1 Electrical Conductivity Measurements
Electrical conductivity measurements of the multiscale composites were
taken at different lengths, currents, nanotubes contents and alignment
voltages. These multiscale composites were manufactured by resin
transfer moulding and hand layup methods already described in section
3.3.1 and 3.3.2. The volume conductivity of these multiscale composites
was calculated by taking inverse of resistivity which is calculated from
resistance and sample dimensions such as the cross-sectional area and
the length along which resistance is measured. The sample dimensions
used to calculate volume conductivity are provided in Appendix B. The
method used to measure conductivity is four probe resistivity detailed
in section 3.5.3.

4.1.1 Electrical Conductivity Measurements at Different Lengths

0.1 % CNTs

Volume Conductivity (S/mm)

500
400

329.0

300

239.9
1.2E-02

200
100

0.3
0
86

-100

47

31

52

Lengths (mm)

-200
Figure 4.1: Electrical conductivity of multiscale composite at different lengths, this
composite has 0.1% nanotubes & manufactured by resin transfer molding
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Aligned (150V)
Volume Conductivity (S/mm)

3.5
3
2.4

2.5
2
1.5
1
0.5

0.5

0.7

67

64

0.8

0.2

0
-0.5
-1

131

43

24

Lengths (mm)

Figure 4.2: Electrical Conductivity of multiscale composite at different lengths, this
composite has aligned nanotubes (150V) & manufactured by hand lay-up

A DC conductivity values of multiscale composites were recorded at
different lengths. The results for two type of multiscale composites are
presented in figure 4.1 and 4.2. The conductivity of material depends
upon the resistance offered to the flow of electron and the resistance of
material further depends on sample dimensions. Samples with large
lengths offer more resistance to the flow of electron and therefore
lowers the conductivity and vice versa. The same phenomenon was
observed in multiscale composites when their conductivity was tested at
different lengths. In both types of multiscale composites, higher
conductivity was observed at smaller lengths due to low resistance and
conductivity at larger lengths due to high resistance. The above two
results are for two multiscale composite samples, other samples showed
the same behaviour when tested at different lengths. Results of other
multiscale composites can be found in Appendix B.

4.1.2 Electrical Conductivity Measurements at Different Currents
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Dispersed CNTs

Aligned (150V)

Aligned(350V)

Neat Composite (350V)

Volume Conductivity (S/mm)

0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05
0
0.02

0.04

0.06

0.08

0.1

Current (A)

Figure 4.3: Electrical conductivity measured at different currents in multiscale composites
manufactured by hand lay-up

Volume Conductivity (S/mm)

500

Reference

0.1% CNTs

0.005% CNTs

0.025% CNTs

450
400
350
300
250
200
150
100
50
0
0

0.02

0.04

0.06

0.08

0.1

0.12

Current (A)
Figure 4.4: Electrical conductivity measured at different currents in multiscale composites
manufactured by resin transfer molding

Electrical conductivities of each multiscale composite manufactured by
resin transfer moulding and hand lay-up were measured at five different
current values of 0.02 A, 0.04 A, 0.06 A, 0.08 A and 0.1A to see the
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effect of changing current on electrical conductivity of the composites.
Figure 4.3 shows volume conductivity results of multiscale composite
with aligned and dispersed MWCNTs in matrix and reference composite
at different current values. The overall conductivity of these samples is
low because of the improper dispersion of nanotubes in the matrix.
However, in each sample, a slight increase in conductivity was observed
up to 0.06A current. By further increasing the current values to 0.08A
and 0.1 A the conductivity values fluctuates due to inhomogeneous
distribution of nanotubes in the matrix.
Figure 4.4 shows volume conductivity of multiscale composites and a
reference sample measured at current values of 0.02 A, 0.04 A, 0.06 A,
0.08 A and 0.1 A. These multiscale composites have nanotubes
deposited on carbon fibres and manufactured by resin transfer
moulding. In the figure, it can be observed that in each sample, the
conductivity increases slowly as the amount of current is increased.
However, in sample with 0.1% nanotubes, there can be seen a slight
decrease in the conductivity at 0.08 A current. The electrical conductivity
of both types of multiscale composites is measured at changing currents
at different lengths. It should be noted that the conductivity pattern is
very different between the two types of multiscale samples and within
the same type of samples when the effect of changing current is
measured at different lengths. The conductivity values greatly fluctuate
in sample where matrix is doped with CNTs most probably due to
improper mixing of nanotubes in the matrix or could be due to some
contact resistance, although the samples were coated with conducting
silver paint to diminish this effect. The conductivity results measured at
changing currents taken at different lengths are given in appendix B.

4.1.3 Electrical Conductivity Measurements at Different Nanotube
Concentrations
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0.1 A

600
500
400
300
200
100

Reference

S1

S2

S3

0

0

0.1

0.005
CNT Content (%)

0.025

Figure 4.5: Electrical conductivity of multiscale composites at different nanotube contents
Table 4.1: CNT contents, lengths & conductivities of multiscale composites
Sample

CNT Content (%)

Lengths (mm)

Volume conductivity
(S/mm)

Reference

0

25

395.91

S1

0.1

31

329.05

S2

0.005

24

434.13

S3

0.025

30

348.46

Figure 4.5 shows electrical conductivity results of three multiscale
composites with different nanotubes concentration and a reference
sample. These measurements are taken at 0.1A current. The reference
sample contains carbon fibres in epoxy matrix. It can be seen in the
figure that the multiscale composites with nanotube content of 0.025%
and 0.1% did not show any significant improvement in their
conductivities compared to reference sample, which means that the
addition of nanotubes was not so helpful in improving their conductivity.
The most possible reason behind the low conductivity of these
multiscale composites is the improper deposition of nanotubes on
carbon fibres. However, among the multiscale composites, the sample
with

lowest

nanotubes

concentration
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conductivity which means that the low nanotube content was
appropriately deposited on carbon fibres and a percolation network is
built up to carry current. Again, the same sample showed high
conductivity than the reference composite which indicated the formation
of electrically conducting networks between the carbon fibres which
further confirmed the proper deposition of nanotubes on carbon fibre
[80].
The three multiscale composites with nanotubes concentration of 0.1%,
0.005% and 0.025% also showed highest electrical conductivities
compared the literature values by E. Bekyarova et al. [77] and S-B Lee et
al. [78] which are 0.089 S/cm (0.0089 S/mm) and 0.03 S/cm (0.003
S/mm), respectively. Although the conductive properties of multiscale
composites are highly dependent on the type and concentration of
CNTs, their aspect ratio, dispersion, adhesion with polymer matrix and
presence of functionalities of CNTs. In our case, non-functionalized
MWCNTs are used in multiscale composites which increases their
conductivity values compared to the reported literature values [77,78]
where functionalized MWCNTs are used. The low values of conductivity
are caused by shortening of nanotubes due to oxidation and sonication
processes employed during the functionalization process [79]. The
mechanism involved in electrical conduction after deposition of
nanotubes on carbon fibres in is the formation of electrically conductive
paths between the carbon fibres [80].
Considering the same processing conditions and nanotube types for all
multiscale composites, the conductivity pattern is fluctuating when it is
measured at different lengths, this was due to the differences in the
sample dimensions such as lengths and thickness and the lengths over
which the conductivities are measured which highly influence the
conduction process.

4.1.4 Anisotropic Conductivity of Multiscale Composites
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Figure 4.6: Electrical conductivity of multiscale composites with aligned nanotubes

Table 4.2: Nanotubes alignment voltages, Lengths and conductivities & of multiscale
composites
Plate Numbers

Alignment Voltages

Lengths(mm)

(V)

Volume
Conductivity(S/mm)

946 (Dispersed)

0

25

2.2

964 (Aligned)

150

24

2.3

993(Aligned)

350

33

2.3

1003 (Neat

350

28

3.3

composite)

Figure 4.6 shows electrical conductivity results of multiscale composites
manufactured by adding MWCNTs to the epoxy matrix. A neat composite
without nanotubes was tested for comparison purpose. In multiscale
composites, the nanotubes were aligned by electric field aligning
method using different voltages. The purpose of nanotube alignment is
to understand its effect on anisotropic electrical conductivity. It can be
seen in the plots that highest conductivity of 3.3 S/mm is exhibited by
the neat composite which is due continuous conductive carbon fibres
while the three multiscale composites didn’t show any noteworthy
improvement in their conductivities which means that the nanotubes are
not properly dispersed in the matrix and are not aligned to enhance the
conductivity.
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4.2 Mechanical Testing
Cyclic loading unloading tests were performed on multiscale composite
crossplies. During the test, the samples were loaded to successive strain
levels. The purpose of cyclic tests was to see the evolution of
microcracking and the subsequent reduction in their stiffness. The CNTdoped multiscale composites were tested to determine the role of
nanotubes in enhancing the toughness. The results of the mechanical
tests performed on multiscale crossplies are presented in section 4.2.1,
4.2.2 and 4.2.3.

Average crack density (cracks/mm)

4.2.1 Crack Density Results

Undoped [0,904]s

0.005%,[0,904]s

0.025%,[0,904]s

Undoped [0,902]s

0.8
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0.6
0.5
0.4
0.3
0.2
0.1
0
0

0.2

0.4
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0.8

1

1.2

1.4

Strain (%)
Figure 4.7 : Average crack densities of two undoped and two multiscale composites

54

Normalized crack density (cracks/mm)

Results & Discussion

Chapter 4

1.4

Undoped, [0,904]s

0.005%,[0,904]s
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Figure 4.8: Normalized crack densities of the two doped and two undoped composites

Table 4.3: Crack densities and thicknesses of undoped & multiscale composites
Sample

Lay-up

Thickness of

Crack

Maximum crack

90° layer

density(cr/mm) at

density (cr/mm)

(mm)

1.2% strain

at 1.4% strain

Undoped

[0, 902] s

0.94

0.67

0.68

Undoped

[0, 904] s

1.67

0.51

Failed after 1.2%

0.005%

[0, 904] s

1.76

0.51

0.66

0.025%

[0, 904] s

1.74

0.71

0.69

Crack densities results of two undoped cross-plies and two doped
crossplies made of carbon fibre/epoxy with different thicknesses are
shown in figure 4.7. The normalized crack density results are presented
in figure 4.8, normalized crack density was calculated from the
thickness of 90° layer using equation 6 in section 3.5.6 It can be seen
in figure 4.7 that in thick crossply [0,904]s, the initial microcracks
appeared at 0.4% strain level while in thin crossply [0,902]s the
microcracking is delayed where it starts from 0.8% strain level. The
difference in initiation of microcracking in the two cross-plies is

attributed to the differences in the thickness of their 90° layers. In
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sample with thin 90°-layer a phenomenon called microcracking

suppression effect comes into play which resist the crack initiation at
low strain levels. According to this phenomenon, when the thickness of

90°-layer decreases, the relative stiffness of 0° plies increases with
respect to 90°plies which delays the microcracking process. On further
loading to 1.2% strain level, the cracks density reached 0.67 cr/mm in
thin crossply and 0.51 cr/mm in thick crossply. Although the crack
density in thin cross ply is higher than thick crossply but the thick ply
failed after loading to 1.2% strain, while the thin ply sustained the high
crack density up to 1.4% strain.
Among the multiscale composites, the cross-ply with 0.005% CNTs no
matrix cracking was observed until 0.8% strain. At 0.8% strain, a crack
density of 0.21 cr/mm can be seen. This delayed matrix cracking shows
a strong interface created by depositing MWCNTs on the fibre surface.
The presence of nanotubes on the fibre surface creates an interphase
which improves the adhesion between carbon fibres and matrix and aids
in more load transfer therefore enhances the interfacial shear strength
of the sample.
On the other hand, multiscale sample with 0.025% MWCNTs showed
earlier microcracking at 0.4% strain reaching a crack density of 0.02
cr/mm. By further loading to 1.2% strain level, it reached crack density
of 0.71 cr/mm. Comparing the crack densities of multiscale crossplies
at 1.4% strain level, the multiscale composite with 0.005% nanotubes
reached lower crack density of 0.66 cr/mm whereas the 0.025% sample
reached somewhat higher crack density of 0.69 cr/mm. However, the
difference between these two samples lies in the initiation of cracking
which is attributed to the content of nanotubes. The low nanotube
content is effectively deposited on fibre surface thus strengthening the
interface between carbon fibres and epoxy matrix and delaying
microcracking while in multiscale crossply with 0.025%, the high
nanotubes content may not be fully dispersed on fibre surface and not
providing a good interphase for load transfer as in 0.005% multiscale
composites.
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Nevertheless, the formation of strong interphase by depositing
nanotubes

on

carbon

fibres

in

multiscale

composites

delays

microcracking by improving the interfacial shear strength. There are
different interface toughening and strengthening mechanisms such as,
crack bridging by CNTs, crack deflection, fibre pull outs, mechanical
interlocking between fibre and matrix (in case of functionalized CNTs).
However, the exact mechanism by which interface is toughened can be
revealed by doing fractography of the samples. It should be noted that
sometimes with increasing strain, the crack density slightly decreases
which is due to badly attached replica material due to which it was
difficult to visualize the cracks.

4.2.2 Stiffness Reduction in Multiscale Composites

Figure 4.9: Stiffness reduction curves of two undoped and two multiscale composites
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Figure 4.10: Normalized stiffness curves of undoped and multiscale composites.

Table 4.4: Strains and moduli of two undoped and two multiscale composites
Sample

Initial Strain(%)

Initial Modulus

Strain (%)at

Reduced

(GPa)

which modulus

Modulus

is reduced

(GPa)

0.005% [0,904]s

0.25

27.4

0.8

22.8

0.025% [0,904]s

0.25

25.9

0.8

23.8

Undoped

0.25

29.9

0.6

28.4

0.25

40.4

0.8

39.0

[0,904]s
Undoped
[0,902]s

Figure 4.9 compares modulus reduction curves of

two multiscale

crossplies and two undoped crossplies. Among the multiscale
composites, the sample with 0.005% nanotube content showed a
delayed modulus reduction where the modulus is decreased from 27.4
GPa to 22.8 at 0.8% strain. Although there is significant reduction in the
modulus from its initial value, unlike other samples, the stiffness
reduction here is delayed. This indicates the strengthening effect of the
interface by deposited nanotubes on carbon fibres. Whereas in the
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sample with 0.025% nanotubes, one can see that the modulus value
increases from 25.9 GPa at 0.25% strain to 26.2 GPa at 0.4% strain, which
is contrary to the expected behaviour. This is because the initial
modulus for 0.25% was calculated from the loading step of 0.4% strain
since the sample was loaded to only 0.1% strain. Nonetheless, the
modulus reduction is actually started from 0.4% strain until it reaches
0.8%. There it can be seen that a big modulus reduction occurs where it
is reduced to 23.8 GPa. The difference between the two multiscale
samples lies in the strains at which modulus is reduced, this difference
is again attributed to the difference in the amount of their nanotube
contents. The small amount of nanotubes are effectively dispersed on
fibres surface which enhances the interfacial shear strength of the
composite.
Comparing the undoped crossplies, the best performance is shown by
the thin crossply in terms of delaying modulus reduction. In this sample,
the initial modulus value of 40 GPa is decreased to 39 GPa at 0.8% strain.
The significant reduction in modulus occurs at 0.8% strain which shows
the initiation of cracking. These results are consistent with crack density
results presented in figure 4.7 where the crack density also starts to
increase at 0.8% strain. However, in the thick crossply slight modulus
reduction occurs at 0.4% strain where modulus is reduced from 29.9
GPa to 29.7 GPa. This slight reduction in modulus could be due to these
possibilities, firstly the crack could lie at the edge of the laminate and it
do not propagate along the width of the laminate due to which the
modulus is not influenced so much. It could also be possible that the
crack or defect lies somewhere in the middle of the laminate but at lower
strain levels, the stresses residing inside a crack are not enough to cause
a crack propagation and subsequent modulus reduction. However, a
noteworthy modulus reduction occurs at 0.6% strain where it is reduced
to 28.4 GPa. The difference in the modulus degradation among the two
undoped samples is attributed to difference in thickness of their 90°layers. In thin 90°-layer sample, the modulus reduction is delayed due
to microcrack suppression effect.
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4.2.3 Modulus Reduction with Increasing Crack Density

Figure 4.11: Stiffness vs crack density curves of two undoped and a multiscale crossply

Figure 4.12: Normalized stiffness vs normalized crack density curves of two undoped and a
multiscale crossply
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Table 4.5: Strains, moduli and crack densities of undoped and a multiscale composite
Sample

Undoped

Initial

Initial

Initial

Strain(%)

Reduced

Crack

strain(%)

Modulus

crack

at which

Modulus

density(cr/mm)

(GPa)

density

modulus

(GPa)

at reduced

(cr/mm)

decreases

modulus

0.25

29.9

0

0.6

28.4

0.13

0.25

40.4

0

0.8

39.0

0.19

0.25

27.4

0

0.8

22.8

0.21

[0,904]s
Undoped
[0,902]s
0.005%[0,904]s

Figure 4.11 compares results of stiffness reduction as function of crack
density of two undoped crossplies with different thicknesses and a
multiscale composite with 0.005% nanotubes.

Modulus degradation

has direct relation with crack density. With the evolution of cracks,
modulus tends to decrease. In the sample with thin 90°-layer, crack
density is almost zero at lower strain levels and the stiffness reduction
is also insignificant. But as the crack density reaches a value of 0.19
cr/mm the modulus reduces to 39 GPa from 40.4 GPa. Compared to this
the sample with thick 90°-layer showed a slight modulus reduction when
the crack density is low but not zero. But as the crack density increases
to 0.13 cr/mm the modulus also decreases to 28.4 GPa. This shows that
the sample with thin 90°-layer showed enhanced stiffness by delaying
modulus reduction. Whereas in sample with 0.005% nanotubes, one can
see that the stiffness degradation is not obvious when the crack density
is zero. However, when crack density increases to 0.21 cr/mm a
modulus is reduced to 22.8 GPa
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5.1 CONCLUSIONS
The generalized conclusion drawn from the results are as follows:
The electrical and mechanical properties of multiscale composites did
not show any noteworthy improvement compared to the conventional
fibre reinforced composites. The reasons behind this occurs mostly in
the processing of multiscale composites, that need to be improved. In
this thesis work, electrical conductivity of multiscale composites
manufactured by two different ways was measured. Comparing the two
types of multiscale composites, it can be deduced that composites
manufactured by depositing nanotubes on carbon fibre surface perform
better than the matrix doped composites. Among the fibre doped
composites, the sample with the lowest nanotube content which was
0.005%

showed

enhanced

electrical

conductivity

due

to

the

homogeneous deposition of the nanotubes on fibre surface and
formation of a good percolation network. Whereas matrix doped
multiscale composites showed lower conductivity values. The low
conductive performance of matrix doped composites is attributed to the
improper mixing of nanotubes in the epoxy matrix. Another important
conclusion concerning electrical conductivity of multiscale composites
is their strong dependence on sample dimensions. For both types of
samples, the conductivity measured at longer lengths showed lower
conductivity due to high resistance and higher conductivity at smaller
lengths.
Mechanical testing of the samples concluded that the thin undoped
crossply perform better than thick crossplies. Thin crossplies showed
enhanced stiffness by delayed matrix micro cracking and modulus
degradation. Whereas among the multiscale composites, the sample
with 0.005% nanotube content showed enhanced toughness by delaying
matrix cracking and modulus reduction.
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5.2 Recommendations for Future Work
It is known that CNTs possess excellent mechanical, electrical and
thermal conductivities which allow them to be used in structural and
functional applications. The development of nanotube based multiscale
composites require many challenges that need to be addressed before
introducing them in real applications. The final properties of multiscale
composites strongly depend on nanotubes type, purity, dimensions,
chirality, defect density, dispersion, functionalization, alignment and
the processing method. These factors should be optimized to get best
performance multiscale composites. The multiscale composites used in
this project are manufactured from non-functionalized MWCNTs that
are synthesized by catalytic chemical vapour deposition (CCVD) method.
Catalytic chemical vapour deposition is the cheap method to produce
large scale MWCNTs, though the nanotubes produced by this method
usually have defects which lower their properties. The better option
would be to use MWCNTs produced by arc discharge process with fewer
defects [82].
Regarding the electrical conductivity of multiscale composites, it
depends on the amount of filler. However, during processing, the
increase in amount of filler may increase the resin viscosity and causes
filtration issues. The amount of filler should also be optimized to reduce
effects of high resins viscosity and filtration and improves conductivity.
Aspect ratio of nanotubes is important factor which is important for the
formation of the percolation network. Nanotubes with high aspect ratio
easily attach to each other via their ends and form a percolation network
and improves the composite conductivity. Therefore, using high aspect
ratio nanotubes lowers the percolation threshold and also minimizes the
effects of increase in resin viscosity.
Another very important processing condition that need to be improved
is the homogenous dispersion of nanotubes in the matrix. In this
project, the multiscale composite with resin dispersed MWCNTs showed
lower conductivity values compared to the fibre deposited nanotubes
composites. The lower conductivity is due to improper dispersion of
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MWCNTs in matrix. Here the best recommendation would be to use
functionalized MWCNTs which will not only improve dispersion of
nanotubes in the matrix but also the interfacial interaction.

Again,

functionalization can be done by various methods such as, chemical
methods (adding functional groups to CNTs) and physical methods
(surfactants). Yet chemical functionalization of nanotubes by harsh
chemicals are thought to alter the chemical structure of nanotubes by
introducing defects and lower their properties. Therefore, surfactants
are appropriate for functionalization because it does not alter the
intrinsic structure of nanotubes. The dispersion process employed in
this project is shear mixing of MWCNTs with epoxy. The conductivity
values obtained from multiscale composites are low due to improper
dispersion of nanotubes which indicate that the dispersion process
employed was not helpful. The recommended approach is to employ
both mild chemical and mechanical dispersion techniques to properly
disperse nanotubes without any damage. This method is used by Majid
et al. [81] where they use a multistage process to disperse nanotubes.
In the first stage, the nanotubes were functionalized and then dispersed
in solvent using probe sonication. During functionalization, the
chemical treatment was performed for short time to avoid them from
detoriating. In the second stage, the functionalized nanotubes were
dispersed in solvent by high probe sonication. And in the final step, the
pre-dispersion nanotubes were further mixed during composites
manufacturing

using

mechanical

stirring

and

bath

sonication

techniques.
Once the homogenous dispersion is achieved, the next step is the right
alignment of nanotubes in the matrix. Both dispersion and alignment
play important roles in enhancing the properties of the multiscale
composites. It is important to verify the dispersion and alignment of
nanotubes experimentally using scanning electron microscopy (SEM) or
optical microscopy.
The second approach used to manufacture multiscale composites is by
depositing nanotubes on the fibre surface. The method used in SWEREA

SICOMP to deposit MWCNTs on carbon fibre is electrophoretic
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deposition process which is simple and efficient dispersion method. But
if the nanotubes are not well deposited on fibres, it affects the
properties of composite. Here the most favourable recommendation is
to grow well spaced nanotubes on fibre surface which will eliminate the
issues related to improper dispersion. The fibres surface should be
characterized by AFM, SEM to guarantee proper growth of nanotubes.
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Appendix A
Instruments Used in Thesis Work
A1. Sample Cutting Machine
Samples used for electrical conductivity measurements were removed
from big plates manufactured in SWEREA SICOMP. These samples were
cut to their required dimensions using Discotom 100 cutting machine
using metal bonded diamond cutting wheel at a speed of 2775 rpm.

Figure A1: Discotom 100 Cutting machine

A2. Grinding and Polishing
The samples for mechanical characterization were first grounded and
polished to remove all the scratches introduced on the sample edges
during cutting process. The instruments used for grinding and polishing
are given figure below.
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(a)

(b)

Figure A2: (a) Struers LabPol-5 Diamond polishing machine, (b) Buehler MetaServe 250
Grinder-Polisher

A3. Optical Microscopy
1) Microstructure visualization of polished samples : Nikon
MA200.
2) Crack Counting : Olympus Vanox TH4-200

A4. Mechanical Testing
Instron 8801 with load cell of 100kN (SWEREA,SICOMP)
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Eclipse

Appendix B
Electrical Conductivity Tests Results
B1 Composites Manufactured by Resin Transfer Moulding
Table B1: Dimensions of multiscale samples at which electrical conductivity was measured

Samples

Sample

thickness
(mm)

Screw

diameter
(mm)

Cross-

sectional

L1(mm)

L2(mm)

L3(mm)

L4(mm)

area

(mm2)

Reference

3.92

3.05

11.9

86

48

25

62

0.1%

4.21

3.05

12.8

86

47

31

52

0.005%

4.07

3.05

12.4

75

57

24

51

0.025%

4.07

3.05

12.4

93

42

30

63

MWCNTs

MWCNTs

MWCNTs

B1.1 Electrical Conductivity of Multiscale Composites Measured at
different Lengths
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700
600
500
400
300
200
100
0
-100
-200
-300

0.1 % MWCNTs
500

0.5429602
37

Volume Conductivity (S/mm)

Volume Conductivity (S/mm)

Reference

395.91783
320.54807
03
54

86

159.94997
76

48

25

62

400

239.932162
9

300

(a)

100

0.35314725

0
86

-100

47

31

52

Lengths (mm)

(b)
0.005% CNTs
700
600
500
400
300
200
100
0
-100
-200
-300

0.025% CNTs
600

434.13681
24
241.43128
18

161.89396
14

0.7487948
91
75

57

24

51

Volume Conductivity (S/mm)

Volume Conductivity (S/mm)

1.90E+02

200

-200

Lengths (mm)

329.053241
8

500

200
100

0.39047699
7

0

-200

(c)

174.111798
8

300

-100

Lengths (mm)

339.110527 348.463395
3
6

400

93

42

30

63

Lengths (mm)

(d)

Figure B1: Volume conductivities measured at different lengths (a) Reference sample, (b)
0.1% CNTs,(c) 0.005% CNTs, (d) 0.025%.
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B1.2 Electrical Conductivity measured at different Currents

0.1
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0.005
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0.04
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0.08

Current (A)

(c)

200
180
160
140
120
100
80
60
40
20
0
0.02

0.1

0.1 % CNTs

0.04

0.06
0.08
Current (A)

0.1

(d)

Figure B2: Volume conductivities of multiscale composites at different current values (a)
Current measurements at L1, (b) measurements at L2, (c) measurements at L3, (d)
measurements at L4.

B1.3 Electrical Conductivity of Multiscale Composites with
different Nanotubes Contents
Measurements at L1
75
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0.08 A

S1
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(e)
Figure B3: Volume conductivities of multiscale composites measured at different nanotubes
contents taken at L1 (a) measurements at 0.1A current, (b) 0.08A current, (c) 0.06A current,
(d) 0.04A current, (e) 0.02A current.
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Measurements at L2
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Volume Conductivity (S/mm)
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0.1
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CNT Content (%)
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(e)
Figure B4: Volume conductivities of multiscale composites measured at different nanotubes
contents taken at L2 (a) measurements at 0.1A current, (b) 0.08A current, (c) 0.06A current,
(d) 0.04A current, (e) 0.02A current.
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Measurements at L3
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(e)
Figure B5: Volume conductivities of multiscale composites measured at different nanotubes
contents taken at L3 (a) measurements at 0.1A current, (b) 0.08A current, (c) 0.06A current,
(d) 0.04A current, (e) 0.02A current.
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Measurements at L4
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Figure B6: Volume conductivities of multiscale composites measured at different nanotubes
contents taken at L4 (a) measurements at 0.1A current, (b) 0.08A current, (c) 0.06A current,
(d) 0.04A current, (e) 0.02A current.
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B2 Composites Manufactured by Hand layup
Table B2: Dimensions of multiscale samples at which electrical conductivity was measured

Plate

Sample

Screw

Cross

(mm)

(mm)

area

964

4.25

3.05

1003 (Neat

3.97

946

993

Number

(Aligned)

Composite)

(Dispersed)

(Aligned)

thickness diameter sectional

L1

L2(

L3

L4

L5

(mm)

mm)

(mm)

(mm)

(mm)

12.96

131

67

64

43

24

3.05

12.10

136

79

57

50

28

4.13

3.05

12.59

136

75

61

50

25

4.06

3.05

12.38

134

69

66

37

33

(mm2)

B2.1 Electrical Conductivity of Multiscale Composites Measured at
different Lengths
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Volume Conductivity (S/mm)
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01
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3
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1
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(c)

5
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50
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(d)

Figure B7: Volume conductivities measured at different lengths (a) sample with dispersed
nanotubes, (b) nanotubes aligned at 150V (c) nanotubes aligned at 350V (d) neat composite
to which 350 V was applied

B2.2 Electrical Conductivity measured at different Currents
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Figure B8: Volume conductivities of multiscale composites at different current values (a)
Current measurements at L1, (b) current measurements at L2, (c) current measurements at
L3, (d) current measurements at L4,(e) current measurements at L4
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B2.3 Electrical Conductivity of Multiscale Composites Aligned at
different Voltages
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Figure B9: Volume conductivities of multiscale composites measured at different nanotubes
contents taken at L1 (a) measurements at 0.1A current, (b) 0.08A current, (c) 0.06A current,
(d) 0.04A current, (e) 0.02A current.
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Figure B10: Volume conductivities of multiscale composites measured at different nanotubes
contents taken at L2 (a) measurements at 0.1A current, (b) 0.08A current, (c) 0.06A current,
(d) 0.04A current, (e) 0.02A current.
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Figure B11: Volume conductivities of multiscale composites measured at different nanotubes
contents taken at L3 (a) measurements at 0.1A current, (b) 0.08A current, (c) 0.06A current,
(d) 0.04A current, (e) 0.02A current.
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Figure B12: Volume conductivities of multiscale composites measured at different nanotubes
contents taken at L4 (a) measurements at 0.1A current, (b) 0.08A current, (c) 0.06A current,
(d) 0.04A current, (e) 0.02A current.
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Figure B13: Volume conductivities of multiscale composites measured at different nanotubes
contents taken at L5 (a) measurements at 0.1A current, (b) 0.08A current, (c) 0.06A current,
(d) 0.04A current, (e) 0.02A current.
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Appendix C
Mechanical Characterization Results
Table C1: Multiscale composites specification chart
Plate No

MWCNTS

Lay-up

Width(mm)

Thickness(mm)

1065-5

0.005 %

[ 0, 904]s

15.47

2.20

1065-6

0.005 %

[ 0, 904]s

16.11

2.21

1065-7

0.005 %

[ 0, 904]s

15.92

2.16

1072-1

0.025 %

[ 0, 904]s

15.59

2.18

1072-2

0.025%

[ 0, 904]s

15.35

2.22

1072-6

0.025%

[ 0, 904]s

16.24

2.24

1072-7

0.025%

[ 0, 904]s

16.27

2.20

1082-1

0.005

[ 0, 902]s

16.16

1.32

1082-2

0.005

[ 0, 902]s

16.16

1.36

1082-3

0.005

[ 0, 902]s

16.07

1.37

1083-1

0.025

[ 0, 902]s

16.17

1.47

1083-2

0.025

[ 0, 902]s

16.12

1.49

1083-3

0.025

[ 0, 902]s

16.13

1.47

R5-994

Undoped

[ 0, 904]s

15.41

2.09

R1-996

Undoped

[ 0, 902]s

15.60

1.41

Content(%)
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C1 Crack Counting Results
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Figure C1: (a) Average crack density curves of two multiscale crossplies with same CNTs
content and different thicknesses of 90°-layer, (b) Normalized crack densities of the two
multiscale crossplies.
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Figure C2: (a) Average crack density curves of two multiscale crossplies with different
CNTs content and different thicknesses of 90°-layer , (b) Normalized crack densities of
the two multiscale crossplies.
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Figure C3: (a) Average crack density curves of an undoped crossply and multiscale
crossply with 0.005% CNTs with thin 90°-layer (b) Normalized crack densities of the two
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Figure C4: (a) Average crack density curves of an undoped crossply with thick 90°-layer and
multiscale crossply with 0.005% CNTs and thin 90°-layer (b) Normalized crack densities of
the two crossplies.
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Figure C5: (a) Average crack density curves of multiscale crossply with 0.005% CNTs
and thick 90°-layer and multiscale crossply with 0.025% CNTs and thin 90°-layer (b)
Normalized crack densities of the two crossplies.
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Figure C6: (a) Average crack density curves of two multiscale crossply with same nanotube
contents but different thickness of 90°-layer (b) Normalized crack densities of the two
crossplies.
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Figure C7: (a) Average crack density curves of an undoped crossply and multiscale
crossply with 0.025% CNTs and both with thin 90°-layers (b) Normalized crack densities
of the two crossplies.
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Figure C8: (a) Average crack density curves of an undoped crossply with thick 90°-layer and
multiscale crossply with 0.025% CNTs and thin 90°-layers (b) Normalized crack densities of
the two crossplies.
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Figure C9: (a) Average crack density curves of two multiscale crossplies with different
nanotubes contents and same thickness of 90°-layer (b) Normalized crack densities of the
two crossplies.

C2. Stiffness Reduction Results

(a)

(b)

Figure C10: (a) Modulus Vs crack density curves of two doped thin crossplies with 0.005%
and 0.025% MWCNTS (b) Normalized results of the two crossplies.

93

(a)

(b)

Figure C11: (a) Modulus Vs crack density curves of two doped crossplies with 0.005% MWCNTs
and different thicknesses (b) Normalized results of the two crossplies.

(a)

(b)

Figure C12: (a) Modulus Vs crack density curves of an undoped crossply doped crossply both
with same thicknesses (b) Normalized results of the two crossplies.
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(a)

(b)

Figure C13: (a) Modulus Vs crack density curves of an undoped crossply and doped crossply
with different thicknesses (b) Normalized results(a) of the two crossplies.

(a)

(b)

Figure C14: (a) Modulus Vs crack density curves of two doped crossplies with different
thicknesses (b) Normalized results of the two crossplies.

(a)
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Figure C15: (a) Modulus Vs crack density curves an undoped crossply and doped crossply
with different thicknesses (b) Normalized results of the two crossplies.
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Figure C16: (a) Modulus Vs crack density curves an undoped crossply and doped crossply
with same thicknesses (b) Normalized results of the two crossplies.
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Figure C17: (a) Stiffness reduction curves of three samples with 0.005% MWCNTs and thick
90° layer (b) Normalized results of the doped crossplies.
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Figure C18: (a) Stiffness reduction curves of three samples with 0.025% MWCNTs and thick
90° layer (b) Normalized results of the doped crossplies.
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Figure C19: (a) Stiffness reduction curves of three samples with 0.005% MWCNTs and thin 90°
layer (b) Normalized results of the doped crossplies.
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Figure C20: (a) Stiffness reduction curves of three samples with 0.025% MWCNTs and thin 90°
layer (b) Normalized results of the doped crossplies.
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