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ABSTRACT

Relationship Between Filler-Matrix Interface and Macroscopical

Properties of Polymer Nanocomposites

Isaac Enrique Aguilar Ventura

The macroscopic properties of Multiwall Carbon Nanotube (MWCNT) polymer

nano- composites and multiscale composites have been studied from a multifunctional

standpoint. The objective is to understand and correlate the mechanisms in which

the addition of a small content of MWCNTs can affect the mechanical, thermal and

electrical properties of thermoplastic and thermoset polymer nanocomposites. While

CNTs are well-known to possess extraordinary properties in the nanoscale, it has

been shown that, the CNT/polymer matrix and CNT/CNT interactions, are mainly

responsible for the modification of properties in the nanocomposites. Observation

of the mechanical properties revealed that the addition of CNTs can increase the

stiffness of the material, but the increment of interfacial regions can accelerate the

damage process under cyclic loading conditions. Additionally, CNTs can interact

with polymer chains in the matrix affecting thermomechanical properties such as the

glass transition temperature and the storage modulus. A low content of well-dispersed

CNTs can form percolated networks within the matrix, which, due to the nature of

the electrical conduction mechanism, have demonstrated potential in increasing the

electrical conductivity of the nanocomposites. In contrast, high phonon scattering at

the interconnections along the CNT network are responsible for marginal increases in

thermal conductivity. In this study, a special focus was placed in modifying the CNT

interconnections with a conductive polymer ”bridge” to increase the efficiency of the

electrical carrier transport. Additional experimental observations such as piezoresis-

tivity and electrical conductivity/temperature dependency, demonstrated the major



5

role of the interfacial regions with respect to the observed material properties in the

macroscale. Controlling the interactions that occur in these regions is key to achieve

tailorable, multifunctional nanocomposites.
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Chapter 1

Introduction

1.1 Motivation

Engineering or specialty polymers, as opposed to traditional commodity plastics, are

a set of polymeric materials with superior mechanical and thermal properties com-

bined with attributes such as wide range of chemical compatibility, low density and

cost-effectiveness. This allows them to be used in numerous functional applications

replacing metals, glass, ceramic and natural materials. During the last century, the

expansion in operating envelope and in the magnitude of deployment for engineering

plastics has been staggering. Polyamides (Nylon , 1935. Kevlar, 1965) are now ubiq-

uitous in daily life, specially in fiber form with applications that range from common

textiles to body armor and mechanical components such as bearings and bushings.

Polytetrafluoroethylene (PTFE, 1938), well-known for its low friction coefficient, is

commonly used as a non-stick coating, but it is mainly used in high-temperature,

highly corrosive environments where other type of materials would quickly degrade.

Polycarbonate (PC, 1953), with its good optical transparency, stiffness and impact

resistance, is found in bottles, compact disks, eyeglasses and lenses, housings for elec-

tric appliances, riot shields, automotive parts and aircraft canopies. Polysulfones (PS,

1965), are a superior, more expensive alternative to Polycarbonate which is valued for

its high thermal resistance and its chemical stability, for that reason it can be sanitized

and used in biomedical applications, food processing equipment and membranes for

gas filtration. Polyether ether ketone (PEEK, 1977) also has good mechanical prop-
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erties and high thermal resistance and is prized for its biocompatibility, it is used in

medical implants and mechanical components such as gears, shafts, pistons, valves.

Polyethylenimine (PEI) is a preferred material for commercial aircraft interiors and

electrical components housings because its low smoke release. It also has biomedi-

cal applications such as a drug and DNA delivery carrier due to is biodegradability.

Polyimide (PI, 1955) is an excellent material for a wide temperature range and its

applications span from cryogenics to aerospace.

Despite their great advances, there are inherent limitations to engineering poly-

mers that are particularly hard to overcome since they are linked to the very nature

of polymer materials, such as limited mechanical properties, poor thermal character-

istics and low electrical conductivity.

Fiber-reinforced polymers (FRPs) appeared during the 1950s to partially overcome

one of these limitations. The idea behind FRPs is to combine the best characteristics

of two or more dissimilar type of materials to create a single, enhanced material.

In FRPs, stiff and strong fibrous reinforcements, such as glass fibers, carbon fibers

or aramid fibers are embedded in a polymer matrix that creates bulk, while keep-

ing the density low; ensures load transfer between the reinforcements and protects

them from environmental attack. FRPs quickly rose to be a preferred material for

high performance structural applications where achieving maximum weight savings

is critical such as aircraft and sport cars, boats and sports equipment. FRPs are

also widely used in pressure containing equipment, such as pipes, tanks and vessels,

due to their good mechanical properties, good chemical compatibility and immunity

to electrochemical corrosion that afflicts metals. FRPs make a perfect example of a

bottom-up approach to fabrication and manufacturing across several different scales;

the diameters of single fibers usually belong to the 2-10 µm scale range. A fiber

bundle typically contains hundreds of these fibers. The bundles are woven together

into plies and the plies are stacked to form macroscopic composite parts that can be
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several meters long.

As mentioned before, the advent of FRPs has only addressed one of the limita-

tions of polymer materials and, as the range applications of these materials becomes

larger and wider, there are occasions in which the use of polymers brings some draw-

backs like the loss of necessary functional properties. A case example is the current

use of FRPs in aircraft fuselage. The new Boeing 787 commercial airliner, which

entered in service in 2011 is built from nearly 50wt.% composite materials. Complete

sections such as the upper and lower wings and the fuselage skin (where properties

such as tensile and compressive strength, fatigue resistance and fracture toughness

are critical) are made of carbon fiber reinforced plastic (CFRP) which replaces the

traditional, electrically-conductive aluminium alloys. The weight reduction allows for

fuel savings and the corrosion resistance translates into lower maintenance costs. In

comparison to aluminium (Table 1.1), CFRP exhibits higher specific strength and

specific toughness values and resists better fatigue and corrosion. On the other hand,

Aluminium is cheaper and exhibits better performance in compression and it is a

good thermal and electrical conductor. When designing a conventional aircraft made

of aluminium or other light alloys, engineers rely on the inherent good electrical con-

ductivity of the metals to create a continuous conductive path that will ensure that

all the current flows through the exterior skin of the aeroplane in case a lightning

strike, isolating the cabin interior for the safety of the passengers. As it can be seen

from Table 1.1, FRPs, like most polymers, are thermal and electrical insulators and

they are not able to dissipate the electric current. To overcome such disadvantage,

aircraft manufacturers add a conductive copper or aluminium mesh to the composite

skin of the aircraft to create a conductive network. Such task results in additional

weight and process steps increasing operational and manufacturing costs.

Therefore, one of the current challenges in the field of engineering polymers is the

transition from structural materials to multifunctional materials that can perform well
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Property CFRP GFRP Al alloys Ti alloys
Price $ 20-30 9-20 1.3-5.70 21-28

Density g/cm3 1.55-1.60 1.75-1.95 2.50-2.95 4.36-4.84
Young’s modulus (GPa) 50-60 21-35 68-88.5 90-137

Elongation % 0.3-0.35 0.8-1 1-44 1-40
Toughness (Mpa ·m1/2) 6-15 6-25 18-40 14-120
Tensile Strength (MPa) 500-1050 200-500 30-510 172-1245
Service temperature (C) 140-220 140-220 -270 to 180 -40 to 500

Thermal conductivity W/m ·K 1.3-2.6 0.4-0.5 76-235 3.8-20.7
Electrical resistivity Ω ·m 4250 0.41 2.82x10−8 4.20x10−7

Table 1.1: Comparison of continuous fiber reinforced plastics and light alloys.

in additional applications such as thermal and electrical conductance, electrostatic

isolation or vibration damping, according to the relevant technological need. To fulfil

these challenges, the next step in the evolution of polymers and polymer composites

is to expand the bottom-up approach length scale into the nano-scale. Indeed, the

recent advent in nanotechnology, which can be defined as ”The creation, processing,

characterization, and utilization of materials, devices, and systems with dimensions

on the order of 0.1-100 nm” [3], has already provided with a number of novel processes

and materials with considerably enhanced properties, which have the potential to be

utilized in polymer nanocomposites. However, at the nano-scale, the properties and

mechanisms are distinctly size-dependent and the interactions between constituents

are dominated by the large interfacial surface area.

1.2 Carbon Nanotube Polymer Composites

1.2.1 Carbon Nanotube Properties

Amongst different nanofillers (i.e. carbon black, metallic nanoparticles, carbon

nanofibers, graphene nanoplatelets amongst others), single-wall carbon nanotubes

(SWCNTs) and multi-wall carbon nanotubes (MWCNTs) make excellent candidates

for a filler material in polymer nanocomposites, not only due to their excellent me-



19

chanical, electrical and thermal properties in the nano-scale, but mainly because of

their large aspect ratio (∼ 1000:1) and large surface area, which allows the formation

of percolated networks at very low concentrations. Carbon nanotubes are tubular

molecular structures of nanometer diameter and micrometer length, made of one or

several shells of concentric ”rolled-up” graphene sheets. Carbon nanotubes were first

described by Iijima in 1992 [4] and soon after, it was shown that they exhibited out-

standing properties in the nano-scale. Table 1.2 shows the properties of SWCNTs

and MWCNTs compared to a high-modulus carbon fiber used in the fabrication of

FRPs.

The extreme mechanical properties of graphene are a result of the sp2 hybridization

of the carbon valence electrons. Because of this configuration, each carbon atom forms

3 σ-bonds with other carbon atoms in a basal plane forming a planar hexagonal

lattice structure. These σ-bonds in graphene are the strongest of all chemical bonds

[5]; hence graphene exhibits the best in-plane mechanical properties of all materials

known. The remaining valence electron of each carbon atom is de-localized out of

plane and forms π-bonds with each other. This last electron is freely available for

electronic conduction along the plane. In carbon nanotubes, the graphene lattice is

aligned along the tube axis. In this configuration, the excellent in-plane properties of

graphene become the axial properties of CNTs. As their name implies, SWCNTs are

made of only one graphene sheet and their diameter is well defined at around 1-2 nm.

MWCNTs, on the other hand, can be made of several concentric graphene sheets with

a spacing between the layers of ∼ 0.34 nm [6]. Depending on the number of layers,

the diameter of MWCNTs can vary up to 80 nm. Since nanotubes are essentially

hollow, their density is very low. It is estimated to be around 0.6 g/cm3 for SWCNTs

and between 1 and 2 g/cm3 for MWCNTs. Carbon nanotubes are produced mainly

by three techniques: arc-discharge, laser-ablation, and catalytic growth [6].

As mentioned before, the electric properties of graphene is related to the π-bond
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between the de-localized electrons in the carbon atoms, however, in SWCNTs, the

electrical conductivity is favoured due to the confinement of electrons, which can only

travel in two directions. The electrical properties are also dictated by the nanotube

diameter and the helicity of the arrangement of graphitic rings in their walls with

respect to the axial direction (also known as chirality) [7]. Based on this, SWCNTs can

be either metallic (armchair) or semiconducting (chiral and zigzag); certain armchair

SWCNTs can exhibit ballistic electron transport which signifies that the electrons

experience no scattering while travelling along the nanotube’s axis. The electrical

conductivity of MWCNTs is a mixture of the behaviour of several tubes with different

helicity [8]. Although it has been demonstrated that at low temperatures, the electric

current flows in the outermost metallic graphene tube only, it is possible that it might

just be a consequence of the way the MWCNTs are contacted [9]. Quasi ballistic

conductivity has also been observed in MWCNTs, hence the conductivity of single

MWCNT can be in the same order as that of SWCNTs.

As for the thermal properties of graphene and CNTs, it is known that the ther-

mal conductivity in these nanofillers is dominated by lattice vibrational modes, i.e.,

phonons, at all temperatures and that electrons do not participate in the thermal

conduction process as is the case in metals. The high thermal conductivity values

(∼ 3000 W/m·K for MWCNTs and ∼ 4000 W/m·K for graphene at room tempera-

ture [10] [11]) are associated with a large phonon mean free paths and the minimal

phonon-phonon scattering along the plane. Indeed, this high thermal conductivity

can be considered quasi-ballistic and is therefore extremely sensitive to impurities

and mismatches in the lattice structure that will introduce phonon scattering sites.

It is paramount to highlight that the extraordinary properties of individual CNTs,

which have been reported both experimentally and theoretically, are strongly scale-

dependent because the mechanisms associated with the stated properties are in the

same scale as the structure of a single CNT or a graphene sheet. For example, the
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Property SWCNT MWCNT M60J
Density (g/cm3) 0.6 [8] 1-2 [8] 1.93

Young’s modulus (GPa) 320 [12] - 1250 [13] 100 [14] - 1800 [15] 588
Tensile Strength (GPa) 13-52 [12] 11 [16] - 150 [5] 3.9

Thermal conductivity (W/m ·K) 10000 - 3500 [17, 18] 3000 [10] 151.7
Electrical resistivity (Ω·m) 1 - 2 x10−6[19, 20] 2.75x10−6[21] 7x10−6

Diameter (nm) 1-2 8-80 5000

Table 1.2: Axial properties at room temperature of SWCNTs and MWCNTs in the
nanoscale compared to a high modulus commercial carbon fiber [Toray Industries,
Inc.].

phonon mean free path, which is related to the thermal conductivity of the material,

at room temperature for a graphene sheet is in the order of 600 nm and the electron

mean free path, which controls the electrical transport in the nanotubes, has been

shown to be in the same order as the diameter of the tubes [9]. These quantities

signify that, at the nanoscale, the thermal and electrical conductivity of a defect-

free filler can be defined as directly proportional to its dimensions [11]. Obviously,

with increasing length, the probability of finding defects in the lattice is also larger;

the phonon scattering caused by these defects will eventually neglect the ballistic

conductivity.

When measuring the properties of nanofillers in the bulk (which is a closer scenario

to the intended application on polymer nanocomposites), the dominating factor is in

fact the inter-particle interactions, i.e, the behaviour of the contact interface amongst

nanofillers. Several groups have measured the thermal conductivity, heat capacity

and thermoelectric power of bulk CNT millimetre-size films or ropes [22, 23, 19] and

have reported that highly thermally-resistive junctions between the nanotubes are

the critical factor impeding efficient thermal transport. For example, in [22] Yi et

al. measured the bulk MWCNTs thermal conductivity as only 20 W/m·K at room

temperature. In [19], Hone et al. achieved around 200 W/m·K in the longitudinal

direction by magnetically aligning SWCNTs; high anisotropy was also reported.
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Early measurements of the electrical conductivity of single MWCNTs were de-

duced from experiments on bulk samples, such as mats (made of tangled networks of

nanotubes), thin films or ropes. Typical values obtained where in the order of 10−5

Ω·m [9], while 4-probe measurements on single tubes [21, 9] yield values at least one

order of magnitude smaller. This has also been attributed the extrinsic effects such

as intertube hopping and contributions from intertube contact resistance.

1.2.2 Bulk Polymer Nanocomposites

Graphene-based nanofillers have been successfully incorporated into thermoset and

thermoplastic polymers for the preparation of polymer nanocomposites with enhanced

properties. Perhaps the most straight forward nanocomposite preparation technique

is melt processing, which is the addition and mixing of nanofillers into a viscous

polymer resin, i.e. a thermoplastic polymer heated above its glass transition temper-

ature or a thermosetting resin before the crosslinking curing reaction. The conformed

material is commonly known as a nanocomposite polymer. The correct mixing and

distribution of the nanofillers is one of the most critical aspects of nanocomposite

preparation; without a good dispersion, the nanofillers cannot adequately transfer

their properties into the bulk composite. This task is specially challenging because

there are many factors that contribute to nanofillers forming agglomerations such as

their own large surface area, aspect ratio and short range interactions such as polar

dipoles and van der Waals forces of attraction. It is also preferably that the matrix

material exhibits a low viscosity during the mixing but addition of nanofillers readily

contributes to viscosity increase [24]. Because of all this, large shear forces are needed

during the mixing. These may be applied by means of a mechanical mixer, a magnetic

mixer, ultrasonic bath, ultrasonic mixer, dissolver rotating disk, a rotary calender,

planetary mixer or ball milling. Bulk samples can be then consolidated using classical

polymer manufacturing techniques such as casting or injection moulding; fibers can
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also be achieved by extruding and drawing the nanoreinforced polymer melt [25, 26].

In order to facilitate the dispersion of fillers in the matrix, a technique called so-

lution casting can be used in which the nanofillers are first dispersed in a suitable,

low viscosity solvent, where break up of nanofiller agglomerations can easily occur.

The nanofiller and polymer solutions are then added together and stirred at a tem-

perature in which the solvent can be evaporated. The solution is cast and solidified

as a nancomposite film. A possible disadvantage of this method is that traces of the

solvent may remain in the final product which can negatively impact its properties.

Also, this technique is not possible for insoluble polymers.

Techniques to prepare nancomposites with a high volume fraction of fillers have

been inspired in processing methods for traditional laminated composites. For these

techniques, a layer of CNTs paper, which is very porous and its made by Buchner

filtration [27], or a substrate, in which a CNT forest has been grown through chemical

vapor deposition [28], are impregnated with polymer solutions.

Finally, the last major nanocomposite preparation technique is in situ polymeri-

sation. This processing method is relevant for polymer formulations which are both

insoluble and thermally unstable which rule out the possibility of solvent casting and

melt processing. In this technique, the nanofillers are added into the monomer so-

lution where they may react and bind covalently or non-covalently to the monomer

molecules. When the polymerization reaction takes place by the presence of an ini-

tiator or curing agent, the nanofillers participate in the reaction and then form strong

interactions with the resulting polymer matrix.

1.2.3 Multiscale Composites

Traditional FRPs usually are comprised of a reinforcement phase, such as glass, car-

bon or aramid fibers. These micrometer-size fibers ( d ∼ 5µm) can be either chopped

and dispersed directly into a polymer matrix, or they can be made into long, con-



24

tinuous fibers and be grouped together into bundles that may contain hundreds or

thousands of single fibers. These bundles, can be either used directly to wrap around

a mold in a process called filament winding, or they can be woven together to form

textile plies that are stack onto one another and impregnated with the polymer resin.

This last process creates a laminated composite.

Nanoreinforcements can be incorporated into any of these manufacturing tech-

niques to create a multiscale composite (also known as hierarchical composite): (1)

by modification of the fibers (i.e., grafting of the fibers surface with nanoparticles),

(2) by addition of nanofillers into the matrix before impregnation of the fibers or

(3) modification of the interface between the plies. The nanoreinforced matrix or

nanoreinforced fibers can be used in the bottom up approach as building blocks to

manufacture laminated structures by techniques such as resin transfer molding, resin

infusion or hand lay-up. The modification of the interlaminar interface is only possi-

ble when the raw materials are plies pre impregnated with resin, also called prepregs

which are stacked one by one and then processed by vacuum forming or autoclave

forming. Comprehensive reviews on multiscale and hierarchical composites were pub-

lished by Qian and Lubineau [29, 30].

1.3 Description of Problem and Objective

Although it is unrealistic to consider that the outstanding nano-scale properties of

graphene nanofillers will hold when converted into macro-scale applications due to

the strong scale dependency, inter-particle interactions and interfacial effects, car-

bon nanotubes have been proven to be effective in modifying, to some degree, the

properties of polymer nanocomposites at low filler content due to their large aspect

ratio. Therefore, nanofillers do offer the possibility to tailor the properties of polymer

nanocomposites in order to fit certain applications. In particular, the modification

of electrical properties is most promising because of the percolation-type behaviour
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and verified improvements of conductivity that span for several orders of magnitude.

However, unlike traditional composite materials, such as CFRP and GFRPs, the

macroscopic properties of polymer nanocomposites are a dominated by of different,

complex interactions that span from the nanoscale to the microscale and predictions

about the composite properties cannot be done based solely on the properties of the

different constituents.

The purpose of this study is to investigate and understand experimentally the

relationship between MWCNT content and the mechanical, thermal and electrical

properties of polymer nanocomposites. The aim is to clarify the microstructural

mechanisms and interactions that are responsible for the properties that are observed

in the macroscale, by performing a diverse array of characterization techniques such as

electrical and thermal conductivity measurements, studies of the global mechanical

properties including stiffness, plasticity and damage behavior, measurement of the

piezoresistive effect and the dependency of electrical conductivity with respect to

temperature, AC frequency and pressure. This information will be potentially useful

to (1) find techniques to improve current results and be able to predict and tailor

material properties, (2) find new applications for polymer nanocomposites and (3) to

develop more refined and representative computational models.

Following this introduction, the work is divided into separate chapters, each cover-

ing a systematic characterization of properties of thermoset and thermoplastic MWC-

NT/polymer nanocomposites. The description of the material constituents and for-

mulations which are common to all experiments are described in Chapter 2. The

mechanical properties for thermoset and thermoplastic nanocomposites are studied

in Chapter 3, while thermal properties are discussed in Chapter 4. The electrical

properties in DC and AC and the piezoresistive effect have been studied for a ther-

moplastic polycarbonate/MWCNT composite in Chapters 5, 6 and 7. Besides under-

standing the basic conduction mechanism between MWCNTs in the polymer matrix,
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much of the work is related to altering and optimizing the conduction mechanism

by applying a conductive polymer coating to the MWCNTs and then validating this

novel conduction mechanism through additional experimentation.

Each Chapter is subdivided into an introduction, a discussion about the particular

interactions between nanofillers and matrix that impact a specific material property,

details of each particular experimental characterization, results and discussion in

terms of the microstructural mechanisms and the relationship to other properties.
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Chapter 2

Preparation of Thermoplastic and Thermoset

Nanocomposites

2.1 Materials

2.1.1 Polycarbonate

Thermoplastic nanocomposites were prepared from polycarbonate (PC) in fine gran-

ular form (LexanTM ML9103-111T) from SABIC Innovative Plastics.

Polycarbonate is an amorphous thermoplastic polymer that is obtained from the

parameterization reaction between bisphenol A and phosgene (COCL2). The good

mechanical properties, good thermal resistance and transparency of PC are a result

of the stiffness and reduced mobility of the molecular structure. First, the attraction

between phenyl side groups of different molecules reduces the mobility of individual

chains preventing the formation of crystalline structures. Secondly, the presence of

phenyl groups along the main chain contributes to molecular stiffness.

Due to its high strength, its natural transparency and better fracture toughness

than glass, PC can be used in a wide range of applications, including electronic

components, construction materials, lenses, sports equipment, personal protection

equipment amongst others.

In particular, ML9103 is a sheet extrusion grade with high performance mechanical

properties: tensile stress at yield is 73 MPa, tensile strain at break is 270 % and high

impact resistance.
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2.1.2 Epoxy Resin

For thermoset nanocomposites and thermoset laminated composites, the commer-

cially available epoxy system EPOLAM 2063 was used. EPOLAM 2063 is a commer-

cially available product, supplied by AXSON Technologies, that is based on a blend

of cycloaliphatic epoxy resin (CA) and a diglycidyl ether of bisphenol-A (DGEBA)

resin. Its main use is in fabrication of composite structures by Resin Transfer Mould-

ing method. The resin is mixed with a compatible curing agent (Anhydride 1,2,3,6-

Tetrahydromethyl-3, 6-methanophtalique) in equal parts by volume. According to

the supplier’s specifications, the tensile strength and Young’s modulus of this epoxy

are 57 MPa and 3.1 GPa, respectively at 23oC. The glass transition temperature is

expected to range from 180oC to 200oC depending on the curing cycle.

The crosslinking reaction between the epoxy and anhydride curing agent is re-

sponsible for the good mechanical properties and the thermosetting behaviour of the

polymer. The reaction is shown in Figure 2.1(a). The anhydride groups of the curing

agent do not directly react with the oxirane groups of DGEBA and CA [31]. Rather,

the hydroxyl (-OH) groups of the epoxy (DGEBA) first reacted with the anhydride

groups to form an ester link and a carboxylic (-COOH) group (reaction-I). Then,

these -COOH groups opened the oxirane groups of DGEBA and CA forming another

ester bond and produce a new hydroxyl group (reaction-II and reaction-III). These

-OH groups then reacted with additional anhydride groups following reaction-I until

all -OH groups participated in the curing reaction. Thus, the crosslinking between

molecules is done through a di-ester group [32].

The choice of this particular epoxy resin is to analyze the effect of nanoreinforce-

ment in an industrial grade commercial, high performance epoxy resin that can be

used to manufacture fiber reinforced laminates via Vacuum Resin Infusion.
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Figure 2.1: Crosslinking reaction between the epoxy and anhydride curing agent.

2.1.3 Multiwall Carbon Nanotubes

-COOH functionalized MWCNTs were obtained from Cheap Tubes Inc. (Brattleboro,

VT, USA) and produced by catalyzed chemical vapor deposition. According to the

supplier’s specifications, the purity was higher than 95 wt %, the residual ash was

less than 1.5 wt % and the concentration of -COOH groups was 2.56 wt %. TGA

analysis on functionalized MWCNT confirmed that the concentration of -COOH is

approximately 2.15 ± 0.15 wt %. The as-received dimensions (outer diameter from 8

to 15 nm, inner diameter from 3 to 5 nm, length from 10 to 50 µm) were confirmed

by HR-TEM observations in Figure 2.2(a). The Raman spectrum of these MWCNTs,

shown in Figure 2.2(b), was obtained using a LabRAM HR 800 Raman spectrometer

(Horiba Co.) with a range from 200 to 3500 cm−1. The D-band, G-band and G’-

band appeared as expected at 1350, 1580 and 2710 cm−1, respectively. The relative

intensity (D/G) between the D and the G bands is known to be a good indicator of

the quantity of the structural defects within MWCNTs. Usually, the intensity of the

D-band largely increases with the presence of amorphous carbon or defects created
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during the addition of the functional groups in the sidewall [33, 34]. The intense

D-band in this spectrum indicates that these MWCNTs obviously contained multiple

structural defects due to their functionalization [35, 36]. The conductivity of these

MWCNTs is estimated to be higher than 100 S/cm, a specific surface area of 233

m2/g and an aspect ratio from 1000:1 to 5000:1.

Figure 2.2: (a) HR-TEM image of the MWCNTs and (b) Raman spectrum of the
MWCNTs.

2.1.4 PEDOT/PSS

PEDOT/PSS was used in aqueous dispersion state (Heraeus Clevios PH1000) ob-

tained from HC Starck, Inc. The initial concentration of PEDOT/PSS was 1.3 wt %

and the ratio between PEDOT and PSS was 1:2.5 by weight.

In situ PEDOT is formed by a two step oxidative polymerization reaction of 3,4-

ethylenedioxythiophene monomers (EDT) with iron(III) toluenesulfonate. In the first

reaction, the EDT monomers form a neutral conjugated polymer. The second oxi-

dation reaction removes some delocalized electrons along the conjugated backbones

creating an electronic band where electrons are highly mobile. The removal of elec-

trons produces positive ions called bipolaron. A charge-balancing counterion attaches

electrostatically to the bipolaron to stabilize the molecule. Hence, in situ PEDOT

is a macromolecular salt between the positively charged PEDOT and the negatively
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charged -p-toluenesulfonate [37].

In situ PEDOT is highly insoluble in most solvents and its applications are limited

because it is difficult to work with. For this reason, the EDT can be polymerized

in presence of polystyrene sulfonic acid (PSS) and sodium peroxidisulfate to create

PEDOT/PSS. PSS has two functions, one is to act as charge balancing counter ion

similar to the role of -p-toluenesulfonate of in situ PEDOT. This is due to the PSS

carrying a negative charge caused by deprotonation of sulfonyl groups. Since PSS

is water soluble, its second function is to facilitate the stable microdispersion of

PEDOT/PSS polymer gel particles into water, making PEDOT/PSS easier to process.

The structure of PEDOT/PSS can be represented as chains of PEDOT stacked

along a much larger structure composed of water swollen PSS crosslinked chains.

Applications of PEDOT/PSS include antistatic coatings for cathod ray tubes, poly-

mer capacitors, electrochromic windows, organic thin film transistors, polymeric pho-

tovotaic cells and transparent conducting films.

The electrical conductivity of PEDOT/PSS can be improved by using organic

polar solvents such as ethylene glycol (EG) as additives. The most widely accepted

mechanism for the conductivity enhancement is that the additives modify the elec-

trostatic interaction of the PEDOT/PSS molecule and allows the PEDOT to undergo

a conformational change, such as transformation from a coiled benzoid structure to

a more linear quinoid structure which leads to increased inter-chain interaction [38].

The change in conductivity of PEDOT/PSS with respect to EG will be detailed in

Section 5.4 when discussing the conductivity of EG treated PEDOT/PSS and PE-

DOT/PSS coated MWCNTs from the work of Zhou [1].
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2.2 Nanocomposite Samples Preparation

2.2.1 Bulk Thermoset Nanocomposites

Epoxy/MWCNT nanocomposites were fabricated by in situ polymerization for the

study of their mechanical and thermal properties. Three different material configura-

tions were studied, labeled as M1, M2 and M3. A flowchart describing the key steps

of the processing technique is provided in (Figure 2.3(b)) for each of these material

configurations.

MWCNTs

Blending
(US- ice bath / 2 hours)ETHANOL

RESIN
(pre-heated 80°C) Blending

(MS - 80°C /2 hour)

ETHANOL + MWCNTs

HARDENER
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(MS - 80°C / 15 mins)
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(MS - 80°C /15 mins)
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Figure 2.3: Processing flow chart for the three material configurations, M1, M2 and
M3 (MS: magnetic stirring, US: ultra-sonication).

Material M1 (Figure 2.3(a)) was made from neat epoxy resin. Firstly, the epoxy

resin was heated to 80oC to lower the viscosity. Then, the curing agent was added

and blended using a magnetic stirrer for 15 mins at 80oC. The ratio of resin to curing

agent was 5:5.35 (by weight) as prescribed by the supplier.

All bulk resin samples were prepared by moulding the epoxy resin in a 80oC

preheated steel mold. The mold was kept at 80oC for 6 hours followed by a postcuring

cycle of 6 hours at 180oC to ensure the complete curing of the samples.
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Material M2 (Figure 2.3(b)) is the epoxy resin mixed with the MWCNTs. The

MWCNTs concentrations are 0.05 wt %, 0.5 wt % and 1.0 with respect to the total

weight of the resin and curing agent. The MWCNTs were first dispersed into ethanol

(1/11 wt % of ethanol in the total resin/curing agent mixture) by sonication (Soni-

cator: CPX500 Cole-Parmer Instruments, frequency: 20kHz) for 2 h in an ice bath.

Then, the MWCNT-ethanol solution was added to the epoxy (preheated to 80oC);

this mixture was stirred continuously using a magnetic stirrer for 2 hours at 80oC

until all the ethanol evaporated. Afterward, the mixture was sonicated and simulta-

neously stirred using a magnetic stirrer for 30 minutes at 80oC. In the next step, the

corresponding amount of curing agent was added and the solution was thoroughly

stirred for 15 minutes to yield an homogeneous mixture.

Material M3 (Figure 2.3(c)) was prepared exactly in the same way as material M2,

except that no MWCNTs were added. The purpose of material M3 was to distinguish

the effects of the addition of MWCNTs from the processing effects.

All samples were prepared by moulding the epoxy resin in a 80oC preheated steel

mold. The mold was kept at 80oC for 6 hours followed by 6 hours at 180oC to

ensure complete curing of the samples (the extent of curing was checked by differential

scanning calorimetry).

2.2.1.1 In situ Reaction Mechanism Between MWCNTs and

Epoxy Resin

For M2 samples, the addition of -COOH MWCNTs alters the crosslinking reaction

from Figure 2.1. As it is shown in Figure 2.4, before any addition of the curing

agent, the -COOH groups around the MWCNTs will react with the oxirane groups of

DGEBA and CA forming an ester link between them and a new hydroxyl group. This

epoxy-terminated prepolymer induces some intial crosslinking between the chains.

Once the curing agent is added, the anhydride groups will react with the hydroxyl
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groups and produce -COOH groups which in turn will form ester links with the

remaining oxirane groups.

O O
R'

O

OH

O O
O

O

O HO

O O

OH

DGEBA CA COOH-MWCNT

where, R1 =

R1

O

O

O

O

O

O

O

O

OH

O
R'
OH

O
O

OH

O R'
OH

O

O

O

O

Similar reaction scheme 
as Figure 

+ +

+

R1

O

O

O

O

O

O

O

O

OH

O
R'
OH

O
O

OH

O R'
OH

O

O

Figure 2.4: Reaction mechanism of MWCNT/epoxy nanocomposite; formation of the
prepolymer and crosslinking.

To observe the effect of the different reaction mechanisms on the final product, we

performed FTIR analysis on all types of samples. The FTIR spectra provide informa-

tion regarding changes in the sample at the molecular level through the displacement,

widening, appearance or disappearance of bands. The detailed assignment of the ab-

sorption features is as follows: 2955-2869 cm−1 (-C-H of aromatic ring), 1785 cm−1

(anhydride -C=O), 1730 cm−1 (carboxylic acid -C=O), 1610 cm−1, 1506 cm−1, and

1450 cm−1 (stretching and deformation of aromatic -C=C), 1108 cm−1 and 1038 cm−1

(deformation of aromatic -CH), 914 cm−1 (epoxide group).

It appears that the temporary addition of ethanol during the process does not

modify the final material as revealed by the identical FTIR spectra of M1 and M3

(Figure 2.5). Characteristic absorption bands of carboxylic acid (-C=O) stretching

vibrations at 1730 cm−1 and a C-H stretch at 2918 cm−1 were observed. The absence

of an -OH stretching band at 3500-3200 cm−1 and an intense epoxy stretching vibra-
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tion at 914 cm−1 confirmed that the epoxy groups were not totally consumed during

the full polymerization process [39, 40].

Figure 2.5: FTIR spectra for M1, M2-0.05, M2-0.5, M2-1.0 and M3.

As expected from the reaction mechanism, a modification to the chemical structure

of the epoxy in the M2 samples was revealed by FTIR analysis. First, the absorption

intensity of the band at 3500-3200 cm−1 is slightly increased, corresponding to an -OH

stretch vibration of the -COOH group. Then, more -COOH groups are present in M2

samples compared with M1 and M3. These -COOH groups can be directly explained

by the initial functionalization of the MWCNTs. Secondly, it can be clearly seen that

the oxirane stretching frequency at 914 cm−1 disappears with respect to M1 and M3.

This is due to the initial -COOH groups of the CNTs that start to consume the epoxy

groups even before the addition of any curing agent. The direct consequence is that

all active epoxy groups participate in the reaction in the M2 samples, either by direct

reaction with the -COOH of the MWCNTs, or by classical reaction with the curing

agent.
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2.2.1.2 Dispersion and Morphology Characterization

To observe the dispersion quality of the MWCNTs in the cured epoxy resin, the sam-

ples were observed under transmission electron microscope (TEM) and scanning elec-

tron microscope (SEM). TEM observations were carried out in FEI Titan TEM. The

samples were cut into 50 nm-thick thin slices using microtome cutter and collected

onto a carbon-coated copper grid. Fracture surfaces of MWCNT/epoxy nanocom-

posites were observed using a FEI Nova Nano 630 SEM. The samples were coated

with a thin layer of gold to reduce charging during analysis. Both TEM and SEM

observations, as shown in Figure 2.6, demonstrate that the MWCNTs were efficiently

dispersed in the resin. No clusters of MWCNTs were visible even at the maximum

load of 1 wt%.

Finally, the morphological feature of the cracked surface (typically the roughness)

was investigated by Atomic Force Microscopy, using an Agilent 5400 SPM (Agilent

Technology, USA) operating in the intermittent contact mode. The surface of the

fracture specimen was scanned at a scan speed of 0.7 Hz. with a silicon cantilever

beam (resonance frequency: 150 KHz; force constant: 2.8 N/m). The measurement

was performed at room temperature. AFM observations of the fractured surfaces are

reported in Figure 2.7.
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(g)

(h)

Figure 2.6: First column: TEM images of the MWCNT-modified epoxies. Second
column: SEM images of fracture surfaces. (a,d) M2-0.05, (b,e) M2-0.5, and (c,f)
M2-1.0. Third column: SEM of fracture surfaces of non-nanoreinforced epoxies. (h)
M1, (g) M3.

In the M1 and M3 specimens (Figures 2.6 (g) and 2.6 (h)), the smoothness of the

fractured surfaces reveals a rather brittle process that is expected from an epoxy resin.

However, the introduction of MWCNTs strongly modified the fracture morphology.

Figure 2.6(d) testifies to a transition toward a fragmentation process with an increase

of the roughness of the fractured surface. The roughness parameters (Sq: root mean

square height and Sa: arithmetic mean height) measured on the AFM scan (Figure

2.7) increased up to (Sq) 79.8 nm and (Sa) 55.2 nm for M2-1.0 (compared to (Sq)
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30.1 nm and (Sa) 18.8 nm for the neat epoxy). These results supports our observa-

tion of a much more progressive damage process in which interfaces and stress/strain

redistribution play a major role.
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Figure 2.7: AFM observations of the fractured surfaces. (a) M1, (b) M2-0.05, (c)M2-
0.5, (d) M2-1.0.

2.2.2 Multiscale Thermoset Nanocomposites

The pristine and nanoreinforced EPOLAM 2063 epoxy resin was combined with uni-

directional E-glass fiber cloth provided by HEXCEL (HEXTS92145) (surface weight:

220 g/m2) to create glass fiber reinforced laminated composites. These are a particu-

lar type of Fiber Reinforced Plastics (FRP) in which the fiber reinforcement is made

of continuous long fibers that are densely arranged together into 2-dimensional plies
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or sheets usually by weaving or gluing. The plies are stacked together to achieve the

required thickness, embedded into a polymer matrix and consolidated by applying

temperature and pressure.

Three types of nanoreinforced laminated composites, called C1, C2-0.05 and C2-

0.5, were prepared using the vacuum infusion technique. The E-glass fiber cloth was

cut into 300x300 mm plies and then stacked together to form [±45]2s angle-ply lami-

nates. The vacuum infusion was performed using the Infuplex system commercialized

by Diatex (Figure 2.8). Preheated resin at 80oC flowed from an open container to-

ward the inside of the vacuum-tight mold (also preheated to 80oC), impregnating the

fabric stack within. The plate was submitted to 1 bar of vacuum pressure at 80oC for

6 hours to ensure initial curing. Then, a post-curing cycle at 180oC lasting 4 hours

was run. The post-curing cycle was shorter for the laminates with respect to the

bulk polymer samples since a systematic study of the polymer showed that 4 hours

of post-curing was enough to reach the complete polymerization.

(a)          (b) 

Figure 2.8: Preparation of the laminated samples. (a) Stack of glass-fiber plies inside
the vacuum bag. The Infuplex green layer is lying on top of the stack. (b) Infusion
of the epoxy resin.

Material C1 was infused with neat epoxy resin, which was processed in the same
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manner as in the M1 samples (see Figure 2.3(a)). Similarly, Material C2 was made

with MWCNT-doped epoxy resin, which was prepared using the same procedure used

for the M2 samples (see Figure 2.3(b)). The rapid increase in viscosity of the nano-

enriched resin with increasing MWCNTs content is a limiting factor in the production

of laminates via vacuum resin infusion. We found that the maximum achievable

MWCNT concentration is around 0.75 wt % for an eight-plies laminate. With higher

MWCNT concentrations, the resin becomes too viscous for the impregnation of the

laminate to be completed. Additionally, when this nano-doped epoxy resin flowed

through the stack of glass-fiber plies, the inter- and intra-fiber bundle regions acted as

a filter for the nanotubes and created heterogeneous zones with either concentration

or depletion of carbon nanotubes. This effect is more pronounced with increased

concentrations of MWCNTs. It was therefore impossible to achieve an infusion with

reasonable quality with MWCNT concentrations equal to or greater than 1 wt %.

For this reason, two samples with MWCNTs were prepared: 0.05 wt% and 0.5 wt%.

They were designated C2-0.05 and C2-0.5, respectively.

A summary of the composition and nomenclature of all thermoset samples is

shown in Table 2.1.

Table 2.1: Composition of thermoset nanocomposites.
Samples Abbreviation Type MWCNT loading (wt%)

Pristine EPOLAM 2063 M1 Bulk 0
0.05MWCNT/Epoxy M2-0.05 Bulk 0.05
0.5MWCNT/Epoxy M2-0.5 Bulk 0.5
1.0MWCNT/Epoxy M2-1.0 Bulk 1.0
Processed EPOLAM 2063 M3 Bulk 0
GF/Epoxy C1 [±45]2s Laminate 0
0.05MWCNT/GF/Epoxy C2-0.05 [±45]2s Laminate 0.05
0.5MWCNT/GF/Epoxy C2-0.5 [±45]2s Laminate 0.5
GF/Epoxy C3 [±45]2s Laminate 0
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2.2.3 Bulk Thermoplastic Nanocomposites

Two different configurations of PC nanocomposites were fabricated by solvent casting

technique. The first one is MWCNT/PC nanocomposites (abbreviated as CNTXX

samples, where XX is the concentration of nanofiller in wt %). For the second type,

the MWCNTs were coated with a 5 wt % ethylene glycol doped PEDOT/PSS solu-

tion and added into the PC to create MWCNT/(EG-PEDOT/PSS)/PC nanocom-

posites (these samples are abbreviated PCNXX, where XX is the concentration of

EG-PEDOT/PSS coated MWCNTs). The detailed preparation procedure of PC ther-

moplastic nanocomposites is as follows:

The first stage is to modify the surface of MWCNTs with EG-PEDOT/PSS by a

solution process. First, 5 wt % EG was added to the PEDOT/PSS solution and the

mixture was stirred for 12 h at 80◦C until 50% of the solution mass had evaporated.

Then, 2.0 wt % MWCNTs were added to 10 ml of the condensed EG-PEDOT/PSS

solution. Thus, the solid weight ratio between EG-PEDOT/PSS and MWCNT was

estimated at 1.3:1. The next step is to perform exfoliation of the MWCNTs using a

Brason 8510 bath sonicator (Thomas Scientific) for one hour, followed by an Ultra-

sonic processor (Cole-Parmer) at 20 kHz, 500 W for fifteen minutes in an ice bath to

prevent extensive heating and damage of the MWCNTs.

The surface-modified MWCNTs are added to a solution of 3 g PC dissolved in 25 g

DCM which was prepared by stirring PC in DCM for five hours at room temperature.

Three different configurations were produced according to the MWCNT content: 1.0,

1.5 and 2.0 wt %. The resulting mixtures of MWCNT/(EG-PEDOT/PSS)/PC were

stirred for twelve hours at room temperature. Thin film samples were prepared via

a cast coating method. The porous casted films were formed into 0.20 mm-thick

rectangular disks by a hydraulic hot press (Pinette Emidecau Industries) at 240◦C

and 7 bar for thirty minutes. Just before the hot pressing, the porous films were

heated for thirty minutes until the temperature reached 240◦C.
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Figure 2.9: (a) TEM image of pristine MWCNTs (b) TEM image highlighting EG-
PEDOT/PSS coating and interconnections on MWCNTs.

The corresponding configurations of MWCNT/PC nanocomposites were also pre-

pared by this method except the exfoliation of MWCNTs was performed in a DCM

solution. The parameters for the ultrasonic processor were the same as before. Both

the PC/DCM and the MWCNT/DCM solutions were mixed together for twelve hours,

cast and hot pressed.

These samples were selected to study the effect of MWCNT concentration and the

effect of the PEDOT/PSS coating. In this study, the configurations are limited to

those that are above the percolation threshold. Samples with lower MWCNT content,

where the electrical resistance is not driven by the interparticle resistance, were not

studied. A summary of the composition and volume resistivity of the samples are

shown in Table 2.2.

Table 2.2: Composition of thermoplastic nanocomposite films.
Samples Abbreviation MWCNT EG loading in EG-PEDOT/PSS Initial out-of-plane

loading (wt%) PEDOT/PSS (wt%) loading (wt%) volume resistivity (Ω·cm) [1]
Polycarbonate PC 0 0 0 5.1 ×1016

1.0MWCNT/PC CNT1.0 1.0 0 0 1.03 ×108

1.5MWCNT/PC CNT1.5 1.5 0 0 4.33×107

2.0MWCNT/PC CNT2.0 2.0 0 0 1.8×107

1.0MWCNT/1.3(EG-PEDOT/PSS)/PC PCN1.0 1.0 5 1.3 4.2 ×105

1.5MWCNT/1.9(EG-PEDOT/PSS)/PC PCN1.5 1.5 5 1.95 2.3 ×105

2.0MWCNT/2.6(EG-PEDOT/PSS)/PC PCN2.0 2.0 5 2.6 1.3 ×105
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2.2.3.1 Morphology of PEDOT/PSS-coated MWCNTs and

PC Nanocomposites

Figure 2.10 (a) shows a TEM image of a pristine MWCNT with a relatively smooth

surface. However, when MWCNTs are dispersed and coated by PEDOT/PSS layers,

the images indicate that the surface is rough (Figure 2.10 (b)), suggesting that the

PEDOT/PSS molecules wrap the surface of the MWCNTs. It is interesting that we

observed a trans-crystallization zone of PC on the surface of the (EG-PEDOT/PSS)-

coated MWCNTs. In Figure 2.10 (c), it is possible to observe oriented crystalline

lamellae surrounding the MWCNTs with a diameter up to 50 nm. This crystallization

is probably induced by the MWCNTs that act as nucleating agents [41, 42]. Although

this point will not be investigated further, it is important to note that this crystalline

interphase could be an additional parameter for tailoring the final properties of the

material. Previous studies showed that the thickness of this interface could be con-

trolled by isothermal treatment at high temperature [41] and that the effect of the

thick interphase on the effective mechanical properties of nano-modified polymers can

be better understood by using a predictive computational model [43, 44]. Regarding

the dispersion of MWCNTs in the PC matrix, we observed that even at the highest

loading of conductive polymer-coated MWCNTs (2 wt %), the MWCNTs were ap-

parently well dispersed at the individual level without obvious MWCNT aggregates

(Figure 2.10 (d)). We also observed EG-PEDOT/PSS spheres with average diame-

ters of 67±12 nm randomly distributed between MWCNTs. These EG-PEDOT/PSS

spheres resulted from excess hydrophilic EG-PEDOT/PSS liquid in the hydrophobic

PC solution.

2.2.3.2 FTIR Analysis

In MWCNT/(EG-PEDOT/PSS)/PC nanocomposites, the interphase between the

MWCNTs and the PC is dominated by the interaction between PEDOT/PSS coating
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Figure 2.10: (a) TEM image of pristine MWCNT. (b) TEM image of (EG-PEDOT
/ PSS)-coated MWCNTs (the arrows and dashed lines have been added to indi-
cate EG-PEDOT/PSS layers on MWCNTs). (c) TEM image of 1MWCNT/1.3(EG-
PEDOT/PSS)/PC nanocomposites (the arrows have been added to indicate the
lamellae structure of PC around CNT); the inset is a high magnification image
to show the crystallized interphase of the nanocomposite. (d) SEM image of
2MWCNT/2.6(EG-PEDOT/PSS)/PC nanocomposite.

and PC. Since this interphase will have a significant effect on the overall properties of

the nanocomposite, we studied the interaction between PC and PEDOT/PSS using

Fourier Transform Infrared (FTIR) spectroscopy analysis. The results from pure PC

and (PEDOT/PSS)/PC composite are shown in Figure 2.11 (a). The absorption band
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for pure PC at 1768 cm−1 represents the free carbonyl stretching (C=O) vibration

peak [45, 46, 47]. However, two stretching peaks are observed for (PEDOT/PSS)/PC

composites. The peak at 1770 cm−1 is attributed to the free carbonyl stretching

peak while the peak at 1766 cm−1 is attributed to the hydrogen-bonded carbonyl

stretching peak. The two-peak formation of carbonyl on PC and the relative height

change of the peaks are in agreement with the results of Jeon et al [48]. They studied

the hydrogen bonding of N-H groups on PANI and of carbonyl groups on PC. In

our case, this hydrogen-bonded peak at 1766 cm−1 is due to the specific interaction

between the carbonyl groups in PC and the hydroxyl groups of sulfonic acid in PSS,

as shown in Figure 2.11 (b). It is therefore confirmed the existence of a hydrogen

bond between the PEDOT/PSS and the PC as shown in FTIR observations.

Next, FTIR analysis is performed on MWCNT/(EG-PEDOT/PSS)/PC samples

to verify the existence of hydrogen bonding between PEDOT/PSS and PC. Figure

2.11 (a) also shows the FTIR spectra of 0.5MWCNT/0.65(PEDOT/PSS)/PC and

2MWCNT/2.6(PEDOT/PSS)/PC samples. The peak at 1766 cm−1, which is related

to hydrogen-bonded carbonyl stretching, is found in both samples. This result is

in agreement with the FTIR analysis of (PEDOT/PSS)/PC composites and thus

confirms the hydrogen bonding interaction.
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Figure 2.11: (a) FTIR spectra of PC and PC nanocomposites, (b) Hydrogen bonding
between PSS and PC.
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Chapter 3

Mechanical Properties and Damage Behaviour

3.1 Introduction

It is generally accepted that CNTs have the potential to increase the stiffness and

toughness of polymer nanocomposites even at very low CNT concentrations as long as

an efficient stress-strain transfer is ensured between nanofillers. Besides an uniform

nanofiller dispersion, the second major factor for the enhancement of mechanical

properties is the existence of chemical or physical interactions between fillers and the

matrix. To increase the stress transfer between matrix and fillers, the interactions at

the interfacial region must be carefully engineered. This is often achieved through

nanofiller functionalization.

Functionalization is the addition of chemical functional groups on the nanofiller

surface. The chemical species will form bonds or stronger interactions between the

filler and the polymer matrix in which the fillers are embedded. For its application

on carbon nanofillers, there are two types: the first is covalent functionalization, in

which the functional groups are covalently bonded to the nanofiller surface, either

by addition reactions or by reaction with the surface to create the functional groups.

The second one is non-covalent functionalization, in which chemical species are phys-

ically attached or wrap onto the nanofillers by weak interactions such as van der

Waals forces, π − π or electrostatic interactions. Besides strengthening the filler-

matrix interfacial region, functionalization is also useful to improve the dispersion of

nanofillers in a solvent; some functional groups like amine (-NH2), carboxyl (-COOH),
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octadecylamine (ODA), can act as surfactants, i.e., they can separate the nanofillers

which would otherwise attract each other and form clusters. Thus, the importance

of functionalization is highlighted for its double role on nanocomposite fabrication.

However, the introduction of CNTs in the matrix also increases the complexity

of damage mechanisms which impact the macroscopic mechanical properties. When

the filler-matrix interface is weak or nanofiller dispersion is poor, the reinforcements

can act as defects, sites for crack initiation or zones prone to interfacial slippage;

these events in fact, undermine the mechanical properties of the material rather than

enhance them [49]. Observations of the macroscopic mechanical properties, such as

the initial material stiffness, can be an indicator of the state of dispersion and the

efficiency of bonding between the CNTs and the surrounding matrix. A vast num-

ber of works have reported the effect of CNTs on Young’s moduli of thermoplastic

and thermoset polymers; general reviews can be found in [3, 25, 26, 49, 50]. Rela-

tions between change in stiffness and dispersion state of the nanotubes has also been

investigated in depth in [43, 44].

In this chapter, the nanocomposites mechanical properties are studied from a

macroscopic framework inspired by the characterization techniques that are well-

known for traditional FRPs. Not only the initial stiffness of thermoset and thermo-

plastic nanocomposites was measured but also, they were subjected to incremental

cyclic loadings in which the evolution of the apparent stiffness was observed. As

previously described, the nanoreinforced thermoset resin was also used to prepare

glass fiber multiscale laminated composite via vacuum resin infusion. For multiscale

nanocomposites, the in-plane shear behavior was investigated in particular because

it is completely driven by the matrix-fiber interaction. The results are studied in

terms of the interactions that occur between the nanofillers and the matrix. This

observations are complemented by other characterization techniques such as thermal

analysis and the piezoresistive behavior in successive chapters.
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3.2 Experimental Characterization Techniques

To investigate the macroscopic elastic; plastic and damage behaviors of the nanocom-

posites; displacement controlled, incremental loading/unloading tensile tests were per-

formed using an Instron 8252 universal testing machine. We observed macroscopic

mechanical properties such as (1) the initial change in material stiffness due to the

addition of MWCNTs, (2) the evolution of stiffness and (3) residual strain after ev-

ery loading-unloading cycle. For all cases, the cyclic behaviour was characterized as

shown in Figure 3.1.

=

Figure 3.1: Convention for characterization of cyclic, incremental loading tests

Where Ei is the current secant Young’s modulus, E0 is the initial Young’s modulus,

εpi is the permanent plastic deformation upon unloading and εεi is the elastic strain.

At a given cycle i, the current damage level di can be evaluated as:

di = 1− Ei
E0

(3.1)

The reasons for this type of testing are twofold: (1) to identify the corresponding

microstructural changes by measuring the change in stiffness of the samples and (2),
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to analyse the evolution of the piezoresistive effect for thermoplastic nanocomposites

in particular.

To access the mechanical properties of bulk thermoset nanocomposites, multiscale

nanocomposites and bulk thermoplastic samples, different testing techniques were

performed according to the particular objectives and sample limitations:

In the case of bulk and laminated thermoset composites, the Instron 8252 was

fitted with a 100 kN load cell and the samples were loaded in increments of 250 N;

the rate was 2 mm/min. These nanocomposites were tested using molded samples

according to the ASTM/D638-03 type-I standard. The dimensions are shown in Fig-

ure 3.2 (a). The longitudinal strain was monitored during the test using strain gauges

(Vishay Precision Group CEA 250UT) and a Vishay 7000 StrainSmart acquisition

system. X-Ray inspection confirmed that the samples were free of processing defects

(bubbles, inclusions, cracks) at the inspection scale (5 µm).
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Figure 3.2: (a) Geometrical specification according to ASTM/D638-03 type I stan-
dard for the bulk epoxy resin samples. Measurements are in millimetres (b) Sample
specimens fitted with longitudinal strain gauges.

In addition, for thermoset multiscale composites, we followed the ASTM D-3518

Standard to test the in-plane shear response of the [±45]2s laminated composites.

Rectangular coupons with the dimensions 200 mm ± 0.5 mm x 20 mm ± 0.5 mm x 2

± 0.1 mm (as shown in Figure 3.3) were cut from the infused plate using an automatic
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diamond saw (Struers Secotom-10). Each sample was equipped with a transverse

and a longitudinal strain gauge (Vishay Precision Group CEA 250UT), connected

to the Vishay 7000 StrainSmart system. Aluminium tabs were used on the edges

to protect the sample from the grips. As with the bulk resin samples, incremental

loading/unloading tensile tests and monotonic tensile tests were performed with an

extension rate of 2 mm/min and loaded in 250 N steps.

(a) (b)

Figure 3.3: (a) [±45]2s laminated glass fiber/epoxy composite fitted with longitudinal
and transverse strain gauges and aluminium tabs (b) Mounted sample on the Instron
8252.

Finally, for thermoplastic samples, the Instron 8252 was equipped with a 500 N

load cell and custom made grips, the rate was adjusted to 1 mm/min and succeeding

cycles increase the displacement by 0.3 mm with respect to the previous one. Thin

films were cut into rectangular specimens with the dimensions 90 mm ± 0.5 mm x

10 mm ± 0.5 mm x 0.3 mm ± 0.1 mm. The measurement of longitudinal strain was

accomplished via an Instron video extensometer that tracks the longitudinal position

of two white dots painted on the surface of the sample; the strain gauge is defined

by these two dots 25 mm apart along the longitudinal axis. This strain measurement

technique was selected because its non-interfering with the mechanical properties of

the thin thermoplastic film.
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Figure 3.4: (a) Thermoplastic nanocomposite coupon for mechanical testing (b) De-
tails and dimensions (c) Specimen mounted on the testing device

3.3 Results and Discussion

3.3.1 Bulk Thermoset Nanocomposites

3.3.1.1 Elastic Properties

The initial Young’s moduli (E0, see Figure 3.1 (a) ) for all macroscopic tensile samples

are reported in Figure 3.5.

2 0 0 0

3 0 0 0

4 0 0 0

M 2 1 . 0M 2 0 . 5M 2 0 . 0 5

 

 

M 1

Ini
tia

l Y
ou

ng
 M

od
ulu

s E
 [M

pa
]

Figure 3.5: (a) Young’s modulus of the thermoset nanocomposites.

As it can be seen, the initial stiffness increases with nanotube concentration up
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to ∼ 9 % with 1 wt % MWCNTs with respect to the non-nanoreinforced material.

This initial result indicates that there is a successful interaction between the fillers

and the matrix that allows some load transfer to the CNTs.

3.3.1.2 Characterization of Damage and Plastic Behaviors

We now consider the results of the incremental loading/unloading tests to understand

the evolution of plasticity and damage in bulk nano-doped resin samples. Assuming

an isotropic damage model for the bulk resin [51], its elastic strain energy density can

be written:

ed =
λ(d)

2
(tr[ε

e
])2 + µ(d)tr[ε2

e
] (3.2)

where λ(d) = λ0(1−d) and µ(d) = µ0(1−d), µ0 and λ0 are the Lame parameters of the

undamaged resin, ε
e

is the elastic infinitesimal strain tensor and d is a scalar-valued

damage indicator.

The evolution of the Young’s modulus in relation to the maximum strain achieved

on every cycle is shown in Figure 3.6 (a). The related damage evolution law, defined

as the relation between d and its dual damage force, Yd [51] (Yd = −∂ed
∂d

= ed(d = 0)),

is plotted in Figure 3.6 (b). The residual plastic strain after each cycle is reported in

Figure 3.6 (c).

Although the initial elastic stiffness is increased in nano-enriched samples, it is

interesting to note that the introduction of the MWCNTs does not change the dam-

age behavior and that this addition can even have a detrimental effect. Indeed, as

illustrated in Figure 3.6 (b), the evolution of the damage is slightly higher when the

concentration of MWCNTs is higher (the damage level is increased by 16 % on aver-

age for M2-1.0). This can probably be attributed to the progressive degradation of all

interfaces between MWCNTs and the bulk resin. The material now fully behaves as a

composite in which interfaces between phases are a preferential locus for degradation.

As far as the plastic behavior is concerned, the effect is less clear and it seems
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that there is no global modification of the plastic flow when the concentration of

MWCNTs is low (Figure 3.6 (c)). This conclusion should be tempered by considering

that the neat resin is itself very brittle and does not exhibit large plasticity. Thus,

there is little room for any potential beneficial effects of MWCNTs on the plasticity.
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Figure 3.6: (a) Young’s modulus of epoxy nanocomposites as a function of the max-
imum strain. (b) The evolution of damage as a function of the thermodynamic force
Yd. (c) The residual plastic strain in every cycle.
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3.3.2 Thermoset Laminated Composites

3.3.2.1 Characterization of the Elastic Behavior

The undamaged shear modulus (G0
12) of the laminated ply was measured at the be-

ginning of the cyclic tensile tests. We observed that the stiffness improvement in the

modified epoxy resin (section 3.3.1) was transferred to the laminates at the ply level.

The G0
12 measurements were: 4.574± 0.151 GPa for C1, 4.892± 0.1 GPa for C2-0.05

and 5.060 ± 0.2 GPa for C2-0.5. These results correspond to increments of 6 % for

C2-0.05 and 10 % for C2-0.5 when compared to the unmodified samples (C1).
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Figure 3.7: Shear modulus of the thermoset laminated composites.

3.3.2.2 Characterization of the Damage and Plastic Behaviors

During tensile tests in [±45]s laminates, the elementary ply at the meso-scale is

mainly subjected to an in-plane shear-stress state. This shear loading is well known

to activate degradation mechanisms at matrix/fiber interfaces, including diffused ma-

trix damage and fiber/matrix debonding, which are responsible for the macroscopic

stiffness reduction observed after every loop. In Figure 3.8, we present the shear

stress/shear strain curves at the ply level during incremental cyclic tensile tests that
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can be easily derived from macroscopic observations by lamination theory [52].

We characterized the linear stiffness reduction by using the damage meso-model

proposed by Ladevèze and Le Dantec [52]. This model postulates the following evolu-

tion of the ply strain energy density with respect to the meso scale damage variable,

d (about the shear direction) and d’ (about the transverse direction) (1 denotes the

fiber direction, 2 denotes the in-the-plane transverse direction, and 3 denotes the

out-of-the-plane transverse direction):

ed =
σ2
11

2E0
1

− 2ν012
E0

1

σ11σ22 +
〈σ22〉2+

2E0
2(1− d′)

+
〈σ22〉2−
2E0

2

+
σ2
12

2G0
12(1− d)

(3.3)

where 〈·〉+ and 〈·〉− are the positive and negative parts, respectively [52]. Following

the developments presented in [52], from Eq. 3.3, we have:

εe12 =
σ12

2G0
12(1− d)

(3.4)

where εe12 is only the elastic part of the shear strain at the ply level ε12. The

latter is a function of the macroscopic longitudinal and transverse strains, εL and εT

as ε12 = εL−εT
2

. On the other hand, σ12 is the shear stress at the ply level and can

be defined as σ12 = σL
2

, where σL is the macroscopic longitudinal stress. Then, the

thermodynamic force, Yd, associated with the shear damage variable, d, becomes:

Yd =
∂ed
∂d

=
σ2
12

2G0
12(1− d)2

. (3.5)

Finally, the shear damage variable, d, is identified in every cycle as:

di = 1− Gi
12

G0
12

(3.6)



57

Using the data from Figure 3.8 (a,b,c) and equations 3.3 to 3.6, the shear damage

master curves, d vs
√
Yd, were determined and are shown in Figure 3.8 (d). It can

be seen that the damage process is slightly accelerated (≈ 15 % faster on average)

in laminates with MWCNT-enriched resin. On one hand, this can be explained by

greater diffused damage in the inter-fibers of the bulk resin as observed in section

2.2.1. On the other hand, it is clear that there is no targeted reinforcement of the

fiber/matrix interface even though it plays a major role in the shear damage of lami-

nate composites. The damage process is not prevented in our nano-modified samples.

In regard to plasticity in shear-loaded laminated plies, the apparent mesoscopic

plasticity is generally induced by residual friction at the broken interfaces. To track

any modification to this mechanism, we used a plasticity model with isotropic hard-

ening similar to [52]. The cumulated plastic strain, p, or the pseudo-potential of

dissipation, is written:.

f =
√
σ̃2
12 + a2σ̃2

22 −R(p)−R0 (3.7)

where σ̃12 and σ̃22 are the effective shear and transverse stresses at the ply level,

R0 is the initial elastic limit and R(p) is the hardening function. Identifying the

evolution of the plasticity means identifying the evolution of the current plasticity

limit, (R(p) +R0), in relation to the cumulated plastic strain, p. We refer to [52] for

all corresponding analytical developments. We strictly follow this approach to derive

the curve presented in Figure 3.8 (e).

Although no systematic conclusion can be drawn when the CNT content is low

(C2-0.05), the plasticity limit is slightly higher for C2-0.5 samples. This increase

in the plasticity limit could be attributed to two reasons. First, we could postulate

an intrinsic modification of the plastic behavior of the matrix, but we found very

little modification at this level in section 2.2.1. Second, we could postulate that this
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Figure 3.8: The shear stress/shear strain cyclic curves for the [±45]2s multiscale
laminates. (a) C1, (b) C2-0.5, (c) C2-0.05. (d): Shear damage master curves for
samples C1, C2-0.05 and C2-0.5. (e): Plasticity master curve for the elementary ply
of [±45]2s laminates.

increase in the plasticity limit comes from the modification of the roughness of broken

surfaces (see section 2.2.1). An increase in this residual friction due to an increase

in the broken surface roughness would result in such a behavior. More investigations

are needed to draw definitive conclusions about this point.

3.3.3 Thermoplastic Nanocomposite Films

The initial Young’s Modulus of the polycarbonate nanocomposites samples in this

study is shown in Figure 3.9. Specimens containing EG-PEDOT/PSS show a clear

trend of increasing stiffness with increasing MWCNT content; up to 22 % with 2.0

wt % MWCNT with respect to pure PC. On the other hand, MWCNT/PC samples

can only improve the stiffness of PC by 18 % at 1.5 wt %, and increasing MWCNT

content to 2.0 wt % results in a negligible improvement from the original configuration.
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These results suggest that the dispersion state and interaction between the nanofillers

and the matrix is much better for MWCNT/(EG-PEDOT/PSS)PC samples than for

MWCNT/PC because EG-PEDOT/PSS acts as an effective dispersing agent [53, 54].

In particular, the poor performance of CNT2.0 can be attributed to aggregation of

MWCNTs and ultimately an uneven state of dispersion of the nanofillers within the

polymer matrix. It is not surprising then that CNT2.0 samples also showed the

strongest piezoresistive effect amongst our configurations (see Figure 6.2 (a-b) in

Chapter 6).
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Figure 3.9: Average Young’s modulus of the samples.

Secondly, the microstructural changes that are associated with the evolution of

piezoresistive behaviour also affect the mechanical properties of the material as it

undergoes tensile strain. In particular, PC and PC nanocomposites exhibit a softening

behavior (i.e., a reduction in the apparent stiffness in each cycle) and a permanent

residual strain after unloading during the viscoelastic regime. These effects are also

modified by the addition of nanofillers [55, 56, 57]. In the previous sections, it was

reported that the addition of MWCNTs accelerated degradation mechanisms such

as filler-matrix debonding in MWCNT-epoxy nanocomposites. The degradation was

observed macroscopically as the reduction of the material’s apparent stiffness [58].

In a thermoplastic material like PC, softening behaviour and permanent residual
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strain are the result of microstructural mechanisms that can be understood from

classical viscoelastic theory. The viscoelastic response of thermoplastic material may

be approximated by the Burgers’ or four parameter model [59, 60], which results from

the combination of two elements in series, a Maxwell fluid and a Kelvin solid. The

strain at any time t can be divided in an instantaneous elastic component, ε∞, and

two time dependent components, namely the delayed elastic term, εK , coming from

the Kelvin solid and a flow term, εM , from the Maxwell fluid. Therefore, a simple

phenomenological model is defined as:

ε(t) = ε∞ + εK(t) + εM(t) (3.8)

ε(t) = σ(
1

E0

+
1

E1

(1− e
−t
τ ) +

t

µ0

), (3.9)

where σ is the applied stress, E0 and µ0 are the stiffness and the viscosity of the

Maxwell spring and dashpot, respectively, E1 and µ1 are the respective stiffness and

viscosity of Voigt spring and dashpot, and τ = µ1
E1

is the relaxation time. The elastic

component is related to bond stretching in polymer molecules, which is reversible

once the stress is removed; on the other hand, the time dependent components are

due to the lack of primary bonds between polymer chains, which results in their

rearrangement and molecular movement as the material tries to accommodate a par-

ticular stress. These two processes occur simultaneously and are responsible for the

softening behavior observed during the loading-unloading cyclic tests.

An example of the cyclic stress-strain curve showing the measurement definitions

is illustrated in Figure 6.1 (d). This response was characterized for all configurations

by measuring the evolution of stiffness and the residual permanent strain εpi . For

characterization of the softening behavior we used a damage variable d defined in

Equation 3.1.
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Figure 3.10: (a) Damage evolution and (b) residual strain as a function of the maxi-
mum strain during every cycle.

The damage variable (d) and the residual strain (εpi ) were plotted with respect

to εmax in Figure 3.10 (a) and (b). The results indicate different responses among

pristine PC, MWCNT/PC and MWCNT/(EG-PEDOT/PSS)/PC samples, however

the effects due to the different MWCNT loadings are difficult to resolve. In general, we

observed that, for a particular level of strain, the addition of MWCNTs (1) decreases

the damage levels and (2) increases the amount of residual permanent strain. It is also

clear that MWCNT/(EG-PEDOT/PSS)/PC samples are more effective at promoting

these effects than MWCNT/PC samples. The possible reasons for this are (1) a better

dispersion of the MWCNTs due to EG-PEDOT/PSS acting as a dispersing agent and

(2) a better interaction between fillers and the matrix. Indeed it was demonstrated

in [2] that PEDOT/PSS leads to an increase in the stiffness in this material because

of hydrogen bondings between PEDOT/PSS and PC and the free volume reduction

in the PC matrix. Therefore, despite possible additional microstructural degradation

mechanisms such as debonding between MWCNTs and the matrix, the dominant

mechanism is the restriction of polymer chain mobility by MWCNTs which preserves

the stiffness of the material. This loss of mobility is also responsible for the increment

in residual permanent strain because the MWCNT network also prevents the strain

relaxation during the unloading stage.
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3.4 Conclusions

The mechanical properties of thermoset and thermoplastic nanocomposites result

from microstructural mechanisms and interactions within the nanocomposites. A par-

ticular example was the increase in initial stiffness, which indicates the ability of the

interfacial region to transfer stress to the nanofillers. For example, epoxy nanocom-

posites feature a cross-linked molecular microstructure, with the -COOH function-

alized CNTs forming bonds with the epoxide groups of the matrix. In the case of

thermoplastic composites, MWCNT/(EG-PEDOT/PSS)/PC showed a slightly bet-

ter performance than MWCNT/PC samples owing to the hydrogen bonds between

PEDOT/PSS and PC.

From the results of stiffness increase with respect to filler concentration it is also

possible to infer information regarding the dispersion state, for example, in polycar-

bonate nanocomposites with 2 wt % CNTs, the initial stiffness decreased from the

value achieved with only 1 wt % CNTs. Such trend was not observed in thermoset

nanocomposites. It is likely that the higher filler concentration created agglomerates

that resulted in a poorer state of dispersion. It is noteworthy to mention that the

introduction of the PEDOT/PSS coating of MWCNTs reversed this trend, thus, it

is likely that the PEDOT/PSS contributed towards a better dispersion state of the

samples, even at high filler loading.

During the damage analysis of the nanocomposites with incremental cyclic load-

ings, some notable differences between thermoplastic and thermoset samples were

evident due to the different microstructure; in thermoset nancomposites, the nano-

modification resulted in degraded damage behavior (up to 16 % higher damage in 1

wt % MWCNT content of the bulk resin). This downside was also observed in GFRP

composites when the shear damage behavior was observed. On the other hand, the

addition of CNTs into polycarbonate seemingly reduced damage levels. It is likely

that CNTs were able to restrict the flow of the amorphous polycarbonate molecules.
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The interactions between the MWCNTs and the polymer matrices will become clearer

in subsequent chapters when the thermal properties and electrical and piezoresistive

properties are studied.
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Chapter 4

Thermal properties

4.1 Introduction

Because of the good thermal transport properties observed in CNTs, it has been pro-

posed that CNTs could enhance the thermal conductivity of polymer nanocomposites.

However, in contrast to electrical conductivity processes, in which CNTs can change

the conductivity of the material by several orders of magnitude due to the charge

carriers travelling through a percolated network within the sample, the phonons,

responsible for thermal transport, encounter too much resistance at the intertube

junctions to make any significant impact. Thus, only moderate increases in thermal

conductivity have been observed for polymer nanocomposites at relatively high filler

concentrations [61, 62, 63, 64, 65] . However, these studies commonly use a single pa-

rameter optimization strategy (the most common parameter being the concentration

of nanoparticles), whereas simultaneously optimizing and tailoring material behav-

iors for multifunctional applications requires a multiparameter framework. In this

chapter, not only the thermal conductivity of thermoset and thermoplastic materials

with different filler concentration are studied, but also, with respect to the coating of

PEDOT/PSS on the CNTs, which main function is to aid in the enhancement of the

electrical properties of thermoplastic samples.

Besides thermal conductivity, the study of other thermal properties such as the

glass transition temperature and the thermal degradation behavior, contribute to

the understanding of the microstructural processes that occur due to the presence of



65

CNTs. For example, it has been observed that CNTs can increase the glass transition

temperature and the onset temperature for thermal degradation because of their own

high thermal stability and more importantly, because of their size and large aspect

ratio that allows them to restrict the motion of polymer chains as long as there is some

type of bonding between them. Also, the study of the thermomechanical properties

by dynamic mechanical analysis will complement the mechanical characterization in

the previous chapter.

4.2 Experimental Characterization Techniques

The dynamic mechanical behavior of the nanocomposites was investigated using a

Netzsch DMA 242 C dynamic mechanical analyzer. Thermoset samples with di-

mensions 50 × 15 × 2 mm were tested in bending mode and were subjected to

load-controlled sinusoidal loading (peak load: 5 N, frequency: 1 Hz, span length: 50

mm) at a heating rate of 3 oC min−1 in the temperature range from 25 to 250 ◦C.

Thermoplastic nancomposites with dimensions 10 × 5 × 0.2 mm were tested in ten-

sion mode (frequency: 1 Hz). The measurements were carried out in the temperature

range from 25 to 180 ◦C with a heating rate of 5 ◦C min−1. The relative humidity

was around 60 % in the test chamber. Three samples of each formulation were tested.

The thermal conductivity of the samples was calculated as [66]:

k(T ) = α(T ) · Cp(T ) · ρ(T ) (4.1)

where α is the thermal diffusivity (m2 s−1), Cp is the specific heat (J kg−1 K−1) and

ρ is the bulk density (kg m−3) of the samples. The thermal diffusivity of the samples

(12.6 ± 0.05 mm in diameter and 1.4 ± 0.05 mm in thickness) was measured using

a Netzsch LFA 447 Nanoflash, which is based on the flash method. For thermoset

samples, only the thermal conductivity at room temperature was studied; for thermo-
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plastic samples, the thermal conductivity was studied as a function of temperature.

Thus, for PC nanocomposites, five measurements were taken at each temperature

(25, 50, 75, 100 and 125 ◦C). We report the average value and standard deviation for

each case. Each sample was coated with graphite before testing. The specific heat,

Cp, of the samples was obtained from DSC curves by using the ratio method [67, 68]:

Cpsample(T ) =
Hsample(T )

Hstandard(T )
· mstandard

msample

· Cpstandard(T ) (4.2)

where H is the heat flow (mW) and m is the mass (mg). A sapphire standard was used

and the temperature range was from 25 to 140 ◦C. Finally, the density was evaluated

using an Ohaus Discovery density determination kit. The density was evaluated only

at room temperature and it was assumed to be constant in the calculations at higher

temperatures. The variation in density appeared to be very small (less than 2 %).

This observation was based on low thermal expansion and constant mass of the PC

in the temperature range between 25 and 140 ◦C [69].

The Thermogravimetric Analysis (TGA) was carried out using a Netzsch TG 209

F1 apparatus. All experiments were performed in triplicate and the results averaged.

Weight loss was recorded under an N2 atmosphere by increasing the temperature from

40 - 800 ◦C at a heating rate of 10 ◦ C min−1.

In particular, thermoset samples were also characterized by measuring the the

global activation energy for thermal decomposition (Erd
d ) by use of Kissinger’s equa-

tion [70, 71]:

− ln β

T 2
M

=
Erd
d

RTM
− lnAR

Erd
d

(4.3)

where β is the heating rate (oC min−1), TM is the most rapid degradation temper-

ature (K), R is the gas constant (J mol−1 K−1) and A is the pre-exponential factor.

Thus, it was also necessary to perform additional analysis at heating rates of 5



67

and 15 oC min−1.

Differential Scanning Calorimetry analysis (DSC) was carried out for thermoplastic

nanocomposites using a Netzsch TG 204 F1 instrument. All operations were per-

formed under nitrogen purge. Samples were heated from 0 to 250 ◦C at 10 ◦C min−1.

4.3 Results and Discussion

4.3.1 Bulk Thermoset Nanocomposites

4.3.1.1 Thermomechanical Properties

DMA results (storage modulus and phase angle) for all the thermoset nanocomposite

configurations (M1, M2-0.05, M2-0.5, M2-1.0, M3) are reported in Figure 4.1. The

first observation is that the difference between materials M1 and M3 appears to be

insignificant. The storage modulus and the glass transition temperature are not af-

fected by the processing or by the temporary introduction of ethanol. Secondly, a

significant improvement is observed in the storage modulus of the M2 samples. Be-

cause the loss modulus can be neglected at room temperature, the storage modulus

can be directly considered as a good approximation of the elastic Young’s modulus.

Room temperature values are reported in Table 4.1. The storage modulus improves

over the full temperature range up to 7 % for M2-0.5 and up to 24 % for M2-1.0 with

respect to the original material. The effect becomes negligible at very low MWCNT

content (M2-0.05). The tensile tests in Chapter 3 showed that the stiffness improve-

ments were globally smaller than the DMA results (see Table 4.1). Thus, it should

be noted that DMA provides the correct trends in terms of stiffness improvements.

Because DMA is performed at much lower amplitudes compared to macroscopic test-

ing, the exact values of this improvement might differ.

In polymeric materials, the storage modulus (and its stability during heating)
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Figure 4.1: (a) Storage modulus E’ in relation to temperature and (b) Phase angle
tan(δ) in relation to temperature.

Material E’(MPa)(20◦C) tan(δ) (peak value) Tg(
◦C) E0(MPa)(20◦C)

(DMA) (DMA) (DMA) (tensile test)
M1 3440 0.54 180 3352

M2-0.05 3440 0.54 184 3471
M2-0.5 3680 0.53 184 3495
M2-1.0 4250 0.41 185.5 3646

M3 3440 0.54 180 3597

Table 4.1: Storage modulus at room temperature, peak value of tan(δ), glass tran-
sition temperatures and Young’s modulus for the M1, M2-0.05, M2-0.5, M2-1.0 and
M3 samples.

is related to the displacement between polymer chains. In section 2.2.1, a reaction

mechanism was presented in which the carboxilic groups present in functionalized

carbon nanotubes react with the oxirane groups of the epoxy to create a covalent bond.

This mechanism explains the increase in the Young’s modulus previously observed by

mechanical characterization, but it also affects the glass transition temperature (Tg)

that can be observed in the phase angle curve (Figure 4.1 (b)) of the DMA analysis.

Similarly, stronger crosslinking of the polymer chains will result in a higher glass

transition temperature [72, 62]. Thus, as expected, Tg is slightly shifted towards

higher temperatures even in the presence of low concentrations of MWCNTs (see

Table 4.1).
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4.3.1.2 Thermal Conductivity

The thermal conductivities obtained for the different material configurations are plot-

ted in Figure 4.2. First, no modification was observed in the M1 and M3 samples.

The temporary addition of ethanol during the process did not modify the thermal

conductivity. The percolation threshold, which ensures the presence of a thermally

conductive network, seems to fall between 0.05 wt % and 0.5 wt % as further addition

of MWCNTs did not significantly improved the conductivity. Nevertheless, we ob-

serve here a lower than expected improvement in thermal conductivity (only 15 % for

M2-1.0 in comparison with the unmodified epoxy). This can be explained by the high

density of the functionalization of the MWCNTs. Each covalent interaction between

the MWCNTs and the epoxy through the functional groups acts as a scattering center

and reduces the overall improvement in thermal conductivity [73].

Figure 4.2: Thermal conductivities of the M1, M2-0.05, M2-0.5, M2-1.0 and M3
samples.

4.3.1.3 Thermal Degradation Process

TGA of the epoxy and the MWCNT-modified epoxy were conducted at a heating

rate of 5, 10 and 15 oC min−1 in N2 atmosphere. The thermograms of the samples,

the differential thermogravimetric analysis (DTG) and the key measurements for the
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particular heating rate of 5 oC min−1 are reported in Figure 4.3 and Table 4.2. It

can be seen that the values for Ti and TM slightly increase with respect to CNT

content. Additionally, DTG analysis [Figure 4.3 (b)] reveals that the degradation rate

at peak temperature is lower for MWCNT-containing samples than for the reference

configuration. These same trends are observed for the remaining heating rates.

Sample TI (oC) TM (oC) TS (oC) Residual Mass (%)

M1 306.1 ± 0.5 341.7 ± 1.2 387.55 ± 0.15 9.51995 ± 0.09
M2-0.05 307.85 ± 0.85 343.55 ± 0.55 387.7 ± 0.9 10.2764 ± 0.47
M2-0.5 308.1 ± 0.3 345.6 ± 1.87 391.75 ± 2.35 10.7329 ± 0.65
M2-1.0 310.45 ± 0.25 346.55 ± 2.35 394.75 ± 2.65 11.42325 ± 0.25

M3 307.8 ± 2.8 341.5 ± 0.95 387.4 ± 0.4 10.137 ± 0.767

Table 4.2: Key features of TGA scans for all material configurations (TI : initial
degradation temperature, TM : peak of maximum degradation rate, TS: temperature
at which degradation stops). See Figure 4.3 (a) for definition

Figure 4.3: (a) TGA of M1, M2-0.05, M2-0.5, M2-1.0 and M3 at 5 oCmin−1, (b)
Weight loss rate of all samples at 5 oCmin−1

To calculate the activation energy characteristic of the degradation process (Erd
d ),

we used Kissinger’s method, which relies on the temperature at which the maximum

weight loss rate is obtained (TM). With some rearrangement of Eq. 4.3, the following

expression is derived:
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dln

[
β

T 2
M

]
dln

[
1

TM

] = −E
rd
d

R
(4.4)

The value of Erd
d extracted from the plots

(
ln

β

T 2
M

↔ 1000

TM

)
were found to be

161.32 (± 10.54), 162.5 (± 2.6), 168.70 (± 4.56), 174.93 (± 2.4) and 160.11 (± 7.41)

kJ mol−1 for the M1, M2-0.05, M2-0.5, M2-1.0 and M3, respectively. The ranges of

variation and regression coefficients are shown in Table 4.3. These results, together

with the slight increase of Ti and TM and the lower degradation rates demonstrate

(1) the negligible effect of ethanol during the process and (2) the generally better

thermal stability of the nano-enriched samples [74, 75].

Sample ln((A ·R)/Erd
d ) −Erd

d /Rx10−3 r Erd
d (kJ mol−1)

(min−1K−1) (K)

M1 22.38 ± 3.5 19.40 ± 1.2 0.98568 ± 0.00345 161.32 ± 10.54
M2-0.05 21.14 ± 2.7 19.54. ± 0.35 0.97034 ± 0.02392 162.5 ± 2.6
M2-0.5 22.34 ± 1.4 20.29 ± 0.44 0.94651 ± 0.00628 168.70 ± 4.46
M2-1.0 23.35 ± 1.7 21.045 ± 0.28 0.97793 ± 0.01080 174.93 ± 2.4

M3 21.52 ± 3.3 19.24 ± 0.91 0.99224 ± 0.00893 160.11 ± 7.41

Table 4.3: Regression Coefficients and Calculated Degradation Activation Energies
(Erd

d ) by the Kissinger Equation for the Samples M1, M2-0.05, M2- 0.5, M2-1.0, and
M3

4.3.2 Thermoplastic Nanocomposites

4.3.2.1 DSC Analysis of PEDOT/PSS and PC Nanocompos-

ites

Figure 4.4 shows DSC thermograms of pure PC, MWCNT/PC and MWCNT/(EG-

PEDOT/PSS)/PC nanocomposites. In comparison with that of pure PC, the glass

transition temperature of the MWCNT/PC nanocomposites slightly increased upon

incorporation of MWCNTs. There was an increase in Tg below 2◦C (4.4a). The
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increase in Tg has been reported previously and was attributed to weak interfacial

interactions (van der Waals or hydrogen bonding) between MWCNTs and the PC

matrix [76] that were able to restrict the large-scale motion of polymer chain seg-

ments. The magnitude of the increase in our results is on the small side compared

with the results for other reported MWCNT/PC nanocomposites [76, 77]. How-

ever, the Tg value decreased dramatically after introducing EG-PEDOT/PSS to the

MWCNT/PC nanocomposites (Figure 4.4 (b)). It is clear that at high filler load-

ing, the Tg decreased rapidly. The Tg for the 2MWCNT/2.6(EG-PEDOT/PSS)/PC

sample, for example, decreased from 147.8 to 135.8 ◦C. This will be confirmed and

discussed further by DMA analysis in the next subsection. An additional observa-

tion was the appearance of a small melting peak around 247◦C for MWCNT/PC and

MWCNT/(EG-PEDOT/PSS)/PC nanocomposites, which was not observed in pure

PC. The amplitude of the melting peak is small and does not vary extensively be-

tween the different formulations, indicating very limited crystallization in the studied

materials. This is in agreement with our TEM observations of a crystalline phase

induced by the MWCNTs discussed in Figure 2.10.
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Figure 4.4: DSC thermograms of (a) MWCNT/PC and (b) MWCNT/(EG-PEDOT/
PSS)/PC nanocomposites.

4.3.2.2 Dynamic Mechanical Properties

Figure 4.5 (a) shows that after introducing 0.5 wt.% of PEDOT/PSS into the PC

matrix, the storage modulus at 20◦C increased to 2.3 GPa, which is an increase of 32

% compared with 1.74 GPa in pure PC. The increase in the storage modulus along

with the reduction in Tg for (PEDOT/PSS)/PC nanocomposites indicates that the

PEDOT/PSS acted as an antiplasticizer. Antiplasticization is defined as a decrease

in the glass transition temperature with a simultaneous increase in the stiffness of the
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polymer matrix by the addition of particular substances [78]. It has been reported

that there are two mechanisms responsible for antiplasticization: (1) the decrease in

the free volume in the polymer matrix induced by the antiplasticizer and (2) the polar

interaction between the antiplasticizer and the polymer [79, 80, 81]. From Section

2.2.3, the existence of hydrogen bondings between the PEDOT/PSS and the PC were

already confirmed from FTIR observations. To confirm the role of PEDOT/PSS as

an antiplasticizer, the dynamic mechanical properties of the PEDOT/PSS film were

also investigated.

Figure 4.5 (a) shows the evolution of the storage modulus of a PEDOT/PSS film

from 20 to 180 ◦C. It can be seen that the initial storage modulus at 20◦C was 2.5 GPa.

As the temperature increased from 20 to 40 ◦C, we observed a slight decrease in the

storage modulus of the PEDOT/PSS film. The storage modulus increased after 40 to

155 ◦C to a maximum value of 3.7 GPa, which represents a 148 % increase. This result

is impressive in comparison with the behavior of conventional thermoplastics in which

the storage modulus generally decreases with increasing temperature [77, 82]. In

previous studies, it has been reported that PEDOT/PSS is a hygroscopic material that

can easily absorb water vapor in ambient air. The PEDOT/PSS film shrinks due to

water vapor desorption when the temperature of the film increases [83, 84, 85, 86]. The

shrinkage of PEDOT/PSS is indicated by a gradual increase in its storage modulus

[87, 88]. In (PEDOT/PSS)/PC composites, the shrinkage of PEDOT/PSS leads to

the loss of free volume and a reduction in the local relaxation mode of the PC matrix

during heating. Thus, the two main mechanisms leading to the stiffness increase on

the (PEDOT/PSS)/PC assembly are confirmed (a decrease in the free volume caused

by the PEDOT/PSS shrinkage and the polar interaction between PEDOT/PSS and

PC).

The dynamic mechanical properties of MWCNT/PC and MWCNT/(EG-PEDOT/

PSS)/PC are now investigated to evaluate how the antiplasticization effect modifies
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Figure 4.5: Dynamic mechanical spectra of PEDOT/PSS, PC and PEDOT/PSS-
PC nanocomposites (0.5 wt.%): (a) storage modulus, (b) loss modulus, (c) damping
factor.

the properties of the resulting thermoplastic nanocomposites. Figure 4.6 (a) and (c)

show the evolution of the storage modulus as a function of temperature for MWC-

NT/PC and MWCNT/(EG-PEDOT/PSS)/PC nanocomposites. These curves indi-
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cate that the storage moduli of the samples generally improved as the filler content

increased, a result that was previously observed during the mechanical characteri-

zation. However, it was found that the increments were larger for MWCNT/(EG-

PEDOT/PSS)/PC than MWCNT/PC for the same MWCNT loading before the glass

transition. For a clear comparison, the storage moduli (E’) of the PC nanocompos-

ites at 25 and 100 ◦C are plotted as a function of the MWCNT content in Figure

4.7 and the values of E ′ at 25 and 100 ◦C, tanδ, Tg by DMA and Tg by DSC are

listed in Table 4.4. The improvement in the storage modulus of the MWCNT/(EG-

PEDOT/PSS)/PC over the MWCNT/PC nanocomposites is attributed to the an-

tiplasticization effect of PEDOT/PSS; the FTIR analysis in Section 2.2.3 also con-

firmed the formation of hydrogen bonding between PEDOT/PSS and PC in MWC-

NT/

(EG-PEDOT/PSS)/PC nanocomposites.

The glass transition temperature can also be estimated from the DMA results.

From the evolution of the storage modulus and the damping factor, we can observe the

only α relaxation process corresponding to the glass transition of the nanocomposites.

The results for each configuration are given in Table 4.4. The Tg values measured by

DMA are in agreement with those measured by DSC as shown in Figure 4.4. The glass

transition is a relaxation process that is related to the large-scale motion of PC chain

segments that occur at high temperature. On the other hand, the storage modulus

at temperatures below Tg is associated with low-scale local motion [89]. In the case

of MWCNT/PC nanocomposites, the DMA measurements revealed that there was

very little increase in Tg compared with that of pure PC as the MWCNT loading

increased in the PC matrix. These results indicate the ability of MWCNTs to reduce

the mobility of PC chains across the whole temperature range. When PEDOT/PSS

is introduced into the MWCNT/PC nanocomposites, the storage modulus further

increases but the Tg significantly reduces. It is suspected that the introduction of
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Figure 4.6: Dynamic mechanical spectra of MWCNT/PC and MWCNT/ (EG-
PEDOT/PSS)/PC nanocomposites: (a, c) storage modulus and (b, d) damping fac-
tor.

PEDOT/PSS decreases the Tg in two ways. First, as PEDOT/PSS is characterized

by a higher loss factor than PC (Figure 4.5 (b)), the PEDOT/PSS interphase between

CNTs and PC will relax at higher temperatures and reduce the effect of CNTs in

constraining PC chains. Then, the effect of CNT addition is reduced and the Tg does

not increase with increased CNT loading. Second, we note that the Tg decreases well

below the initial Tg of PC when PEDOT/PSS is added. This can also be inferred from

the PEDOT/PSS that it is not only spread over the CNT surface but also dispersed

in the bulk PC, which facilitates relaxation. It is important to note that for industrial

molding processes, the mold temperatures are adjusted below the Tg of the polymer

to avoid sudden softening of the polymer when it is taken out from the mold. The

reduction of Tg observed in the MWCNT/(EG-PEDOT/PSS)/PC samples allows for
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Figure 4.7: Storage moduli of MWCNT/PC and MWCNT/(EG-PEDOT/PSS)/PC
nanocomposites at 25 and 100 ◦C as a function of MWCNT loading.

a reduction of the processing temperature.

Table 4.4: Thermal properties of the tested PC nanocomposites
Samples E ′ at 25◦C (GPa) E ′ at 100◦C (GPa) tanδ Tg by DMA (◦C ) Tg by DSC (◦C )
PC 1.74± 0.1 1.47± 0.09 1.04 146.7 147.8
0.5(PEDOT/PSS)/PC 2.2 1.87 1.06 146.6 146.5
0.1MWCNT/PC 1.78± 0.05 1.5± 0.03 0.82 146 148.8
0.5MWCNT/PC 1.96± 0.07 1.6± 0.03 0.65 146.4 148.7
1MWCNT/PC 2.15± 0.03 1.73± 0.03 0.57 143.2 150.5
2MWCNT/PC 2.22± 0.03 1.79± 0.04 0.72 146 151
0.1MWCNT/0.13(EG-PEDOT/PSS)/PC 1.93± 0.07 1.63± 0.08 1.34 145.4 149.1
0.5MWCNT/0.65(EG-PEDOT/PSS)/PC 2.16± 0.05 1.82± 0.06 1.1 142 142
1MWCNT/1.3(EG-PEDOT/PSS)/PC 2.23± 0.08 1.84± 0.07 0.94 138.4 138.5
2MWCNT/2.6(EG-PEDOT/PSS)/PC 2.39± 0.06 1.97± 0.04 0.91 133.7 135.8

4.3.2.3 Thermal Conductivity

Following Equation 4.1, the calculation of thermal conductivity requires the mea-

surement of specific heat capacity, Cp, thermal diffusivity, α, and density, ρ. For

the thermoplastic nanocomposites, the temperature dependence these thermophysical

quantities was investigated. Indeed, understanding the dependency on temperature is

important in optimizing the manufacturing process of polymers and for applications

with wide temperature ranges. In the case of an amorphous polymer, the thermal

conductivity and specific heat capacity are known to increase gradually until the glass
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transition temperature is reached [67, 68]. In our analysis, we consider a temperature

range that spans from 25 to 120 ◦C, which is below the glass transition tempera-

ture of our PC nanocomposites. To simplify the analysis, we measured the thermal

transportation properties with a fixed MWCNT concentration of 2 wt %. We then

considered the dependence of the thermal conductivity on the MWCNT loading in

all configurations.

Figure 4.8: Temperature dependence of the thermal transportation properties of pure
PC, 2MWCNT/PC and 2MWCNT/1.3(EG-PEDOT/PSS)/PC: (a) Specific heat, (b)
Thermal diffusivity and (c) Thermal conductivity.

Figure 4.8 shows the evolution of the thermal transportation properties with re-

spect to temperature for PC, MWCNT/PC and MWCNT/(EG-PEDOT/PSS)/PC

samples with 2 wt % MWCNT loading. The results of the Cp (T) measurements

are shown in Figure 4.8 (a). Globally, the Cp increases with temperature in all sam-
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ples. At lower temperatures (<50◦C), the Cp of the nanocomposite samples does not

deviate from the behavior of pure PC. At higher temperatures, the samples contain-

ing MWCNTs have slightly higher values of Cp. MWCNT/(EG-PEDOT/PSS)/PC

nanocomposites exhibit a further increase in Cp. We also observed that the ther-

mal diffusivity, α(T), slightly decreased with increasing temperature in all samples.

Nevertheless, the results for the nanocomposite samples shifted to higher values. For

example, the α of MWCNT/PC samples increased to 16 % with the maximum con-

centration of MWCNTs as compared to that in the pristine PC. There was also

an additional increase in α in MWCNT/(EG-PEDOT/PSS)/PC. We observed that

changes in thermal conductivity are dominated by the specific heat rather than the

thermal diffusivity. At any given temperature, the thermal conductivity of the MWC-

NT/PC and MWCNT/(EG-PEDOT/PSS)/PC increased by 15 % and 20 %, respec-

tively, when compared to that of PC. The effect of MWCNT loading can be seen in

Figure 4.9 (a) and (b), which show the changes in thermal conductivity in MWCN-

T/PC and MWCNT/(EG-PEDOT/PSS)/PC samples, respectively. At low MWCNT

loading (<0.5 wt %), the effect is not clear (especially in Figure 4.9 (a) where the

behavior is erratic over a narrow range) and we suggest that no significant change oc-

curs. However, at higher loadings, is evident that the thermal conductivity increases

with MWCNT content, although the increment is rather small.

The small increments in the thermal conductivity of MWCNT/PC and MWC-

NT/ (EG-PEDOT/PSS)/PC can be explained from a microstructural framework. In

regard to both electrical and thermal conductivities, the improvements come from

the construction of electrical/thermal conductive percolating networks. Even if geo-

metrical percolation is achieved, the interface connecting the nanoparticles remains a

critical element of the percolated network. The highly electrically conductive nature

of PEDOT/PSS facilitates the electron transfer between particles, resulting in a low

resistive interface between them. A reasonable conductive path is then achieved from
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an electrical point of view.

As far as the thermal conductivity is concerned, the bridging effect between

nanoparticles disappears due to the low thermal conductivity of PEDOT/PSS. The

PEDOT/PSS acts as a buffer that isolates the nanoparticles from each other through

an interface with low thermal conductivity. This type of microstructure corresponds

to a well-known homogenization model that assumes that all phases are in series

configuration. This model predicts the effective conductivity as:

kcomposite =
1

vffiller
kfiller

+
vfmatrix
kmatrix

(4.5)

We calculated the thermal conductivity for MWCNT/PC and MWCNT/

(PEDOT/PSS)/PC nanocomposties with MWCNT loading of 2 wt % at 25◦C us-

ing equation 4.5 and the following assumptions: kMWCNT = 3000 (Wm−1K−1) [90],

ρMWCNT = 2.1 (gcm−3) kPC = 0.22 (Wm−1 K−1), kPEDOT/PSS = 0.20 (Wm−1 K−1)

[91, 92], ρPC = 1.2 (gcm−3). The calculation resulted in thermal conductivity values

of 0.22 (Wm−1 K−1) for both cases. It can be seen that our experimental results are

close to the prediction that validates the proposed microstructural description.

Finally, the relative improvement of MWCNT/(EG-PEDOT/PSS)/PC over

MWCNT/PC samples is mainly attributed to the better dispersion of MWCNTs

in PC by using PEDOT/PSS as a surfactant.

4.3.2.4 Thermal Degradation

To understand the modification of the thermal degradation behavior of PC nanocom-

posites due to the addition of PEDOT/PSS-coated MWCNTs, the thermal degrada-

tion behavior of every component separately were first considered. Figure 4.10 (a)

displays the TGA scans of pure PC, PEDOT/PSS, MWCNT and PC nanocomposites

that were performed under an N2 atmosphere. The onset degradation temperature

for all species (Tonset) was calculated from these TGA scans.
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Figure 4.9: The dependence of thermal conductivity on MWCNT loading: (a)
MWCNT/PC nanocomposites. (b) MWCNT/(EG-PEDOT/PSS)/PC nanocompos-
ites (weight ratio of EG-PEDOT/PSS and MWCNT is 1.3:1). The temperature range
is from 25 to 125 ◦C.

The pure PC curve shows the well-known one-step degradation pathway from 430

to 450 ◦C [93]. The PEDOT/PSS curve shows that the first stage of weight loss up

to 180◦C is from the loss of water. The Tonset at 265◦C is due to the decomposition

of PSS as the sulfonate groups disassociate from styrene. The decomposition of PSS

ends at 320◦C with a weight loss of 30 wt % [94]. This decomposition is followed by

another decomposition of PEDOT/PSS in the range between 350 and 550 ◦C with a

weight loss of 10 wt %, which is due to the rupture of the polymer back bone [94, 95].

It is worth noting that the residual amount of PEDOT/PSS is over 50 % around

800◦C. Finally, the TGA curve of MWCNTs indicates a weight loss of approximately

2.15 ± 0.15 wt % within the range from 150 to 350 ◦C, which can be attributed to the

degradation of the COOH groups. This result is in agreement with the data provided

by the supplier (2.3 wt %).

The degradation curves for MWCNT/PC and MWCNT/(EG-PEDOT/PSS)/PC

nanocomposites are shown in Figure 4.10 (b). The corresponding DTG curves are

shown in Figure 4.10 (c). They were used to calculate the maximum degradation

temperature (Tpeak). In MWCNT/PC nanocomposites, we observed that at a low
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concentration of 0.1 wt % MWCNTs, the Tonset increased by 7◦C and the Tpeak by

9◦C. The mechanisms leading to the increases in Tonset and Tpeak of PC include (1) the

restriction of the movement of polymer chains by the network of MWCNTs and (2) the

better thermal dissipation of the nanocomposite due to high thermal conductivity of

the nanofillers [96]. Coating the MWCNTs with PEDOT/PSS does not significantly

modify the thermal stability of the nanocomposite. At low PEDOT/PSS content

(0.1MWCNT/0.13(EG-PEDOT/PSS)/PC), the Tonset is improved, which might re-

sult from a better MWCNT dispersion. However, this effect can not be found when the

PEDOT/PSS content is higher (2MWCNT/2.6(EG-PEDOT/PSS)/PC). Both Tonset

and Tpeak are then comparable to the non-coated MWCNT configuration, probably

because the lower thermal stability of PEDOT/PSS affects the overall thermal degra-

dation.
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Figure 4.10: (a) TG curves of PC, PEDOT/PSS and MWCNT (b) TG and (c)
corresponding DTG curves of PC nanocomposites at low MWCNT loading (0.1 wt
%) and high MWCNT loading (2 wt %).

4.4 Conclusions

In general, the results from thermal characterization of the polymer nanocomposites

only show moderate improvement of thermal conductivity, glass transition tempera-

ture, thermal stability and storage modulus with respect to the nanofiller concentra-

tion. This can be explained by several factors, including the high degree of phonon

scattering at the intertube junctions, the high sensitivity of the nanofiller properties

to impurities and defects in their lattice and the use of very low carbon nanotube

loadings in the formulations.

Nevertheless, there are two main reasons that keep the thermal characterization



85

of nanocomposites relevant. The first one is that the analysis of thermal properties

has yielded valuable information about the microstructural interactions between the

nanofillers and the polymer molecules. The increased glass transition temperature and

improved thermal degradation performance has been explained in terms in reduction

of polymer molecule mobility and CNT/polymer interactions that range from covalent

bonding and cross linking to hydrogen bonding. An interesting phenomenon occurred

with the addition of the PEDOT/PSS coating in the nanotubes, as it was discovered

its role as an antiplasticizer that is able to override the effect of CNTs to decrease

the glass transition temperature.

The second reason corresponds to the framework of multifunctional materials.

These materials are intended to be used in a wide range of applications and service

conditions and therefore, they require a balance between multiple different properties.

For example, in the case of MWCNT/PC and MWCNT/(EG-PEDOT/PSS)/PC for-

mulations, which are mainly intended for high electrical conductivity, it is important

to understand what kind of correlation exists between thermal, mechanical and elec-

trical properties. In the following chapters it will be shown, that the same nanotube

content and microstructure that showed limited effects on the thermal properties will

have a great impact on the electrical conductivity of the nanocomposites.
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Chapter 5

DC Electrical Conductivity of Thermoplastic

Nanocomposites

5.1 Introduction

The preparation of conductive filler/polymer composites is currently a very active

field of research motivated by the large number of applications requiring polymer

materials with high electrical conductivity [97, 98, 99]. Regardless of the type of filler

used, conductive filler/polymer composites can be represented as an interconnected

network of electrically conductive particles, which are embedded in an insulating

medium. In such material, electrical conduction is achieved through a conductive

network that forms when the concentration is sufficiently high [100, 101, 102]. Elec-

tron transfer between particles is made possible either by direct contact or through

a tunnelling mechanism (sometimes referred to as electron hopping), where the cur-

rent flows from one filler to another through a thin insulating interface. Due to the

dependency of these mechanisms on the distance between fillers, the samples usu-

ally display an abrupt increase in electrical conductivity when the filler concentration

reaches the percolation threshold. The corresponding particle arrangement is known

as the percolated conductive network.

In this chapter, the conduction mechanism for conductive particle-filled polymer

composites will be described in detail. Also, the work of Zhou [1] on the conductivity

of CNT/polymer nanocomposites will be discussed in detail because it represents a

basis for the following chapters. Specially, the optimization of the parameters for the
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sample preparation will be explained in detail.

5.2 Fundamentals of Conductive Particle-filled Polymer Com-

posites

Conductive particle-filled polymer composites have been investigated since the decade

of the 1960s due to the need for enhanced thermal and electrical properties in polymers

[103]. Initially, the composites were prepared using high concentrations of metallic

spherical particles; up to 38 vol % was necessary to build a percolated network that

would significantly increase the conductivity of the composite. These kind of results

were also confirmed by purely geometrical percolation theory. Obviously, high filler

loadings had many disadvantages including increased weight, cost and decreased me-

chanical properties. Spherical graphitized carbon particles, known as carbon black,

were also intensively investigated due to their high electrical conductivity and their

lower density compared to metallic particles.

Regardless of the type of particle, the conductivity of particle-filled composites

usually exhibits 3 distinct regions [104]. First, at low filler concentration, the con-

ductivity of the composite is comparable to the conductivity of the matrix. As the

filler concentration rises, the conductivity increases rapidly until it reaches a satura-

tion point where further concentration increase will only have a limited effect in the

conductivity.

To understand and represent the conduction mechanism in conductive particle-

filled composites it is first necessary to clarify the percolated network arrangement.

Assuming that conductive particles are individually dispersed in the matrix, the dis-

tance between fillers is a function of filler concentration. As the concentration in-

creases, the insulating gap between the fillers is decreased. At a sufficiently high

concentration, this gap is minimized up to a point were polar interactions such as

Van der Waals forces keep the particles separated from each other. This minimum
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distance is in the order of 0.3 - 0.5 nm [105]. If a voltage is applied between the

conductive particles, the insulating gap acts as a barrier which impedes the flow of

electrons between them.

The DC conduction mechanism for CNT-filled composites can be well described by

the tunnelling effect theory, described by Simmons [106] in 1963 and applied by Sheng

et. al. [104] to the context of carbon black/polymer composites. The theory describes

that, to satisfy the thermodynamic equilibrium conditions, the insulating gap between

the particles can be represented by an energy barrier λ, which is positioned above the

Fermi level of the fillers. Then, if an electric potential is applied to the conductive

particles, electrical current can flow across the particles and through the insulating

interface as long as this region is sufficiently thin or the electrons in the electrodes

have a high enough thermal energy to jump the potential barrier and flow into the

conduction band.

If a rectangular energy barrier is assumed in the insulating film, the tunnel current

density Jtunnel is:

Jtunnel =
3

2

√
2mλe2

dh2
exp(−4πd

h

√
2mλ), (5.1)

and the tunnelling resistance can be expressed as [105]:

Rtunnel =
V

AJtunnel
=

2

3

h2d

Ae2
√

2mλ
exp(

4πd

h

√
2mλ) (5.2)

Where V is the voltage, A is the cross sectional area of the tunnel, h is the Planck’s

constant, d is the distance between the conductive particles, e is the elementary

charge, m is the mass of electron. The maximum thickness of the insulating gap, i.e.

the cut-off distance, is in the order of 1 - 2 nm depending on the materials involved.

To calculate the overall conductivity of the material on the basis of tunnelling

effect, computational models are normally used in which the microstructure is repre-
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sented as a network of resistors or a combination of resistors and capacitors. Using

Kirchoff’s current law, the electrical current for an applied voltage can be calculated

by solving a large-scale system of linear equations by numerical methods. Finally, the

overall sample conductivity is simply calculated using Ohm’s law [105, 107].

An alternate, simplified analytical approach for a resistor network in conductive

composites was done by Ruschau [101], where the total resistance of the network is

defined as:

Rc =
(M − 1)Rtunnel +MRparticles

N
≈ M(Rtunnel +Rparticles)

N
(5.3)

Where Rc is the composite resistance, Rparticle is the resistance of a filler, M is the

number of particles forming one conduction path and N is the number of conducting

paths. If Rparticle << Rtunnel, then Rparticle can be neglected, which yields.

Rc =
M

N
Rtunnel (5.4)

This strategy was recently used by Wichmann et al. to describe the conductivity

of epoxy/CNT composites [108].

It was soon realized that much lower percolation thresholds could be achieved by

using fillers with high aspect ratio, i.e. particles whose length is much larger than

their diameter, such as long irregular particles and short carbon or metallic fibers.

With high aspect ratio fillers, the probability of two particles to be sufficiently near to

each other at any position throughout their length is significantly greater than that

for spherical fillers. With the advent of carbon nanotubes, they instantly became a

promising choice for conductive fillers since they possess outstanding electrical and

thermal conductivity [21] and exhibit extreme aspect ratios (>1000:1), large surface

area and a high degree of tortuosity. With such characteristics, CNTs networks can

achieve percolation with concentrations as low as 0.01 wt %, however, this is highly
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dependent on processing conditions, the choice of CNTs and matrix. Even at these

concentrations, most of the particles do not participate in the percolated paths, which

suggests that efficiency can be still further enhanced [109].

5.3 Strategies for Increased Electrical Conductivity in CNT-

filled Composites

One of the main conclusions from the extensive experimental work in conductive

filler/polymer composites is that, despite the very high electrical conductivity of

nanofillers like MWCNT and SWCNTS, the overall conductivity of the material is

limited by the insulating gaps between the fillers i.e. the magnitude of the tun-

nelling resistance. To facilitate the charge carrier movement across CNTs, one of the

first ideas was to remove any functional group present around the nanotubes; CNTs

are usually grafted with functional groups like SDS, -OH, -COOH and -NH2 which

facilitate the dispersion and processing, but negatively impact the tunnelling resis-

tance. Geng [110] reported the preparation of SWCNT/PET nanocomposite films

using SDS functionalized SWCNTs. The original films were compared to films that

were immersed in various acids to dissolve the SDS and the conductivity of the latter

was found to be increased by 2.5 times.

There are obvious limitations with this technique, firstly, the SDS is still necessary

during the processing stage to aid in the formation of a well-dispersed CNT network,

secondly, removing the SDS in a post processing stage using acids can negatively

impact the mechanical properties and complicates the processing stage and finally,

the overall conductivity of the material will still be limited by the presence of the

insulating polymer matrix.

A second strategy is to introduce a conductive phase into the formulation of

the nanocomposite that would attempt to improve the interconnections between

nanofillers. This idea was proposed by Kyryluk et al. [111]. In their work, it was re-
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ported the preparation of a 3-component nanocomposite (SDS-stabilized Polystyrene

(PS) and SWCNTs and PEDOT/PSS) via a latex method. In this material, the

synergistic interaction between PEDOT/PSS, SWCNTs and PS resulted in a overall

critical volume fraction which is smaller than the mean of the percolation thresholds

of the separate components.

A more directly targeted technique is the preparation of nanofillers coated with

a conductive material, usually a conductive polymer. The main idea is that the con-

ductive coating will replace, at least partially, the insulating interface at the particle

interconnections, thus enhancing the mobility of the charge carriers along the per-

colated network. This would result in increased overall electrical conductivity and a

reduced percolation threshold with a small volume fraction of conductive polymer.

For example, Ma et al. [112] reported the increment of 2 orders of magnitude in

SWCNT networks by using in situ polymerization of a highly conductive self-doped

conducting polymer (polyaniline boronic acid) around and along the SWCNTs.

5.4 PEDOT/PSS Coating on CNTs

In particular, PEDOT/PSS offers significant advantages to be used as a coating

amongst other choices of conductive polymers:

1. CNTs can be successfully coated with PEDOT/PSS. The conjugated PEDOT

backbone chain contains aromatic thiophene rings, which produce strong non-

covalent π−π stacking interactions with the hybridized carbon on the surface of

the CNTs [113]. The presence of this coating promotes that the interconnections

between CNTs are made through PEDOT/PSS. This type of bonding is also

much less intrusive than covalent methods.

2. PEDOT/PSS can act as a surfactant agent and aid in the dispersion of individ-

ual CNTs. PSS is a known polymeric surfactant [37, 114] and its long molecular
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chain can wrap around the CNTs to separate and disperse them from each other.

3. As it was mentioned in Section 2.1.4, the electrical conductivity of PEDOT/PSS

can be tailored by doping and de-doping methods using polar solvents like

ethylene glycol (EG).

PEDOT/PSS-coated MWCNTs were used by Zhou [1] to prepare Polycarbon-

ate (PC) nanocomposites. The preparation and methodology are also reported in

this work. The PEDOT/PSS was coated into the MWCNTs using a solution-based

method. The effect of PEDOT/PSS doping by different concentrations of EG (EG-

PEDOT/PSS) was also studied. The volume and square conductivity of the nanocom-

posites were compared in terms of the EG concentration (i.e., doping level), nanofiller

concentration and EG-PEDOT/PSS loading (thickness of the conductive polymer

coating). The details of Zhou’s work are presented as a reference since they represent

the foundation for the next sections.

5.4.1 Effect of EG in the Volume Conductivity of PEDOT/PSS

As a preliminary experiment, EG-PEDOT/PSS films were prepared to evaluate the

conductivity change due to the doping mechanisms. The concentration of EG varied

from 1 to 7 wt %. For 5 wt % EG added into PEDOT/PSS, the volume resistivity of

the PEDOT/PSS film decreased by 3 orders of magnitude from 1.47 Ω·cm to 2.51 ×

10−3 Ω·cm. The complete curve can be seen in Figure 5.1. The rise in conductivity

was explained by conformational change from a benzoid structure to a quinoid struc-

ture that was observed by Raman Spectroscopy. This was also corroborated with

Atomic Force Microscopy observations on film. In the AFM, it was observed that

PEDOT/PSS grains in the EG treated films displayed an elongated structure and

an increased phase separation between PEDOT and PSS. These elongated structures

suggest a linear or extended coil conformation, which is the favored structures of
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the quinoid conformation. EG-treated PEDOT/PSS chains with linear or expanded

coil conformations have high charge-carrier mobility which results in higher electrical

conductivity.

5.4.2 Characterization of EG-PEDOT/PSS - MWCNTs Con-

ductive Blend

The conductive blend of EG-PEDOT/PSS and MWCNTs was prepared by exfolia-

tion of MWCNTs in EG-PEDOT/PSS by a bath sonicator and tip sonicator. The

blend was characterized by Scanning Electron Microscopy and the diameter of the

MWCNTs was measured as a function of the EG-PEDOT/PSS concentration. The

weight ratio between EG-PEDOT/PSS and MWCNTs was varied from 0.39:1, 0.65:1,

0.91:1, 1.3:1. It is worthy to mention that, when the measurements from SEM are

compared to the manufacturer’s data and TEM observations of pristine MWCNTs,

the results are thought to be overestimated by about 5 nm. This is probably due

to charge-contrast imaging in SEM. Nevertheless, the significance of these results re-

sides in the possibility to more than double the diameter of the MWCNTs by using

a weight ratio of 1.3:1 EG-PEDOT/PSS to MWCNT.

The electrical conductivity of this blend was also studied with respect to the EG

loading. The results can be seen in Figure 5.1 and compared to the EG-PEDOT/PSS

films and pristine MWCNTs. Firstly, for all EG loadings, the resistivity of the

MWCNT/(EG-PEDOT/PSS) film is higher than the resistivity of pristine MWCNTs

(5 ×10−3 Ω·cm), this is probably due increased contact resistance due to porosity and

microstructural imperfections which are associated with the manufacturing process

of nanocomposites.

Secondly, it is possible to observe that the EG content dominates the conductivity

increase as the results for MWCNT/(EG-PEDOT/PSS) films follow the same pat-

tern of EG-PEDOT/PSS films. Nevertheless, the key point is that, with sufficient EG
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content, the conductivity of the EG-PEDOT/PSS films increases to the point that is

superior to pristine MWCNTs and MWCNT/(EG-PEDOT/PSS) films. This obser-

vation has a very important consequence for the use of MWCNT/(EG-PEDOT/PSS)

into polymer nanocomposites, it implies that the MWCNTs will be required to create

a well dispersed network within the polymer matrix, however, the conductivity of the

network will be controlled by the conductivity of the conductive polymer coating.

Figure 5.1: Effect of EG loading in the volume conductivity of EG-PEDOT/PSS films
and MWCNT/(EG-PEDOT/PSS) films. From [1].

5.5 Electrical Conductivity of MWCNT/(EG-PEDOT/ PSS)/PC

Polymer Nanocomposites

5.5.1 Characterization of the Microstructure

MWCNT/PC and MWCNT/(EG-PEDOT/PSS)/PC nanocomposites were prepared

with a fixed (EG-PEDOT/PSS):MWCNT weight ratio of 1.3:1. The nanocomposites

were observed using SEM and compared in terms of MWCNT concentration (Figure

2.10). The microstructure of the MWCNT/PC and MWCNT/(EG-PEDOT/PSS)/PC

has already been described accordingly in Chapter 2. The dispersion quality of MWC-

NT/PC is generally lower due to the appearance of MWCNT clusters. In the other

hand, it is confirmed that the addition of EG-PEDOT/PSS can improve the dispersion
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of MWCNTs in the polymer matrix; in these samples, it is possible to observe individ-

ually dispersed MWCNTs and the amount of clusters is significantly decreased. For

high MWCNT concentration, EG-PEDOT/PSS spheres with average diameters of 67

nm are randomly distributed between the MWCNTs. This excess EG-PEDOT/PSS

is a consequence of its hydrophilic nature as it was added into the hydrophobic PC so-

lution. It is possible that the spheres might play a part in enhancing the conductivity

of the material by providing more interconnections to the percolated network.

MWCNT/(EG-PEDOT/PSS)/PC nanocomposites were also prepared with a vari-

able EG-PEDOT/PSS:MWCNT weight ratio to measure the thickness of the EG-

PEDOT/PSS coating using TEM. The results are shown in Figure 5.2. The con-

tent of MWCNTs was fixed at 1 wt %. The diameter of EG-PEDOT/PSS coated

MWCNTs reached 23.6 ± 3 nm from an original 12.1 ± 2.5 nm the thickness of the

EG-PEDOT/PSS coating is estimated to be around 6 ± 2 nm.

Figure 5.2: Effect of the EG-PEDOT/PSS amount on the diamater of coated MWC-
NTs. From [1].

5.5.2 Effect of Filler Loading on Conductivity

As it was mentioned before, the conductivity of MWCNT/(EG-PEDOT/PSS)/PC

nanocomposites can be modified in 3 different ways: (1) By changing the conductive

filler content, (2) by changing the amount of conductive polymer coating, which will
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modify the thickness of the coating on the CNT surface and (3) by modifying the

intrinsic conductivity of the PEDOT/PSS by EG doping and de-doping.

First, the volume resistivity of the nanocomposites with respect to the filler

content was studied. For this, MWCNT/PC, MWCNT/(PEDOT/PSS)/PC and

MWCNT/(EG-PEDOT/PSS)/PC nanocomposites were prepared with a fixed (EG-

PEDOT/PSS):MWCNT weight ratio of 1.3:1. In the case of EG-PEDOT/PSS, ehe

EG loading of was set at 5 wt % with respect to the PEDOT/PSS content. The

MWCNT concentrations studied were 0.1, 0.3, 0.5, 1 and 2 wt %. The results are

shown in Figure 5.3. A first observation is that the percolation threshold for samples

containing PEDOT/PSS and EG-PEDOT/PSS is nearly identical at around 0.3 wt

% and lower that MWCNT/PC samples, which is present around 1 wt %. This ex-

perimental result confirms that the number of interconnected fillers in the percolated

network is increased by the presence of PEDOT/PSS coating around CNTs. The sec-

ond observation is that the EG-PEDOT/PSS coating is most effective in improving

the conductivity of the samples at any MWCNT loading configuration. In particular,

by using 2 wt % of EG-PEDOT/PSS coated MWCNTs, the measured resistivity is

(1.3 ± 0.5) × 105 Ω·cm which represents an increment of 11 orders of magnitude

compared to the initial resistivity of pristine PC (5.1 ± 0.5) × 1016 Ω·cm . It is also

more conductive than the MWCNT/(PEDOT/PSS)/PC by 1 order of magnitude and

by 2 orders of magnitude as compared to the respective MWCNT/PC sample. The

details of some selected configurations are shown in Table 2.2

5.5.3 Effect of EG Loading on Conductivity

To study the effect of the EG loading on the MWCNT/(EG-PEDOT/PSS)/PC sam-

ples, the EG content on PEDOT/PSS was varied from 1 to 7 wt %. Two different

MWCNT loadings were considered, 0.3 and 0.5 wt %. The weight ratio of EG-

PEDOT/PSS to MWCNT remained as 1.3:1. The measurements of resistivity are
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Figure 5.3: (a) Volume and (b) surface resistivity of MWCNT/PC, MWCNT/ (PE-
DOT/PSS)/PC, and MWCNT/(EG-PEDOT/PSS)/PC nanocomposites as a func-
tion of MWCNT loading. From [1].

plot in Figure 5.4. As it is expected, the conductivity of the samples progressively

increases with EG content until a maximum at 5 wt % and then, the conductivity

decreases for 7 wt % even though it was previously shown that such loading of EG

would positively impact the conductivity of PEDOT/PSS. This negative effect was ex-

plained as a saturation of non-conductive EG in the PC matrix. Due to these results,

the value of 5 wt % EG in PEDOT/PSS was selected as the optimum configuration

for rest of the experiments.

5.5.4 Effect of EG-PEDOT/PSS Content on Conductivity

Finally, the effect of the EG-PEDOT/PSS coating thickness on the PC nanocompos-

ites was studied in terms of the weight ratio between EG-PEDOT/PSS and MWC-
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Figure 5.4: (a) Volume resistivity and (b) surface resistivity with respect to EG
loading in MWCNT/(EG-PEDOT/PSS)/PC nanocomposites. The weight ratio of
EG-PEDOT/PSS to MWCNT is fixed at 1.3:1. From [1].

NTs. For this, MWCNT/(EG-PEDOT/PSS)/PC samples were prepared with two

different MWCNT loadings, 0.5 and 1 wt %. The EG loading in PEDOT/PSS was

fixed at 5 wt % The volume resistivity measures is shown in Figure 5.5. The increase

in EG-PEDOT/PSS ratio positively impacts the volume conductivity. A significant

result is seen for the 0.5 wt % MWCNT loading, which due to the low CNT content,

originally exists in a pre-percolation state. The addition of only a small amount of

EG-PEDOT/PSS is enough to reduce the volume resistivity by 2 orders of magni-

tude. This is a proof of the EG-PEDOT/PSS coating increasing the interconnections

between CNTs.
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Figure 5.5: (a) Volume resistivity and (b) surface resistivity of MWCNT/(EG-
PEDOT/PSS)/PC nanocomposites as a function of EG-PEDOT/PSS content. The
EG loading is fixed at 5 wt %. From [1].
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Chapter 6

Piezoresistive effect

6.1 Introduction

This chapter describes the piezoresistive features of CNT-Polycarbonate (PC) nano-

composites using CNTs coated with the conductive polymer PEDOT/PSS. As de-

scribed in the proceeding chapter, it was noted that MWCNTs coated with 1.3 weight

ratio EG-PEDOT/PSS had a diameter of around 3 times larger than uncoated MWC-

NTs, and that the tunneling conduction in PC nanocomposites was replaced by a

conductive network of PEDOT/PSS. Therefore, it is expected that these samples will

exhibit a characteristic piezoresistive effect. The objective is to compare the piezore-

sistive behavior of MWCNT/PC and MWCNT/(PEDOT-PSS)/PC nanocomposites

under both mechanical and thermal loading and to correlate their responses to the

initial microstructure and/or to the evolution of this microstructure.

Following this introduction, the fundamentals and experimental techniques re-

garding the piezoresistive effect in conductive particle-filled composites are described.

The results and discussion section clarifies the effect of the conductive polymer net-

work on the piezoresistive effect during both mechanical and thermal loading, and

elaborates on the damage and time-dependent mechanical properties of the nanocom-

posites. These results clearly highlight the potential of this approach to tune the

piezoresistive response of such materials.
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6.2 Fundamentals of Piezoresistive Effect in Particle-filled

Composites

The piezoresistive effect is defined as the change in conductivity (or resistivity) of the

material as a result of an external strain. For a material with cross sectional area A

and length l, the electrical resistivity ρ and conductivity σ are defined from Ohm’s

law as:

ρ = R
A

l
(6.1)

σ = ρ−1 =
l

RA
(6.2)

Where R is the electrical resistance measured in ohms. Unlike electrical resistance,

the resistivity is an intrinsic material property which is independent of the sample

geometry. Thus, it is important to make a distinction between the change in electrical

resistance due solely to geometrical changes caused by an applied strain from the

change in the conductivity due to underlying microstructural changes.

The characterization of the resistance-strain relationship is usually done in terms

of the gauge factor, k. The gauge factor can be determined as the slope between

∆R/R0 and the tensile strain, ε such as [115]:

∆R

R0

= k · ε (6.3)

Recall that the resistance in a bulk material with a rectangular cross-section is

given by:

R =
ρl

wt
(6.4)

where ρ is the volume resistivity, l is the length, w is the width and t is the thick-

ness of the sample. Calculus of variation based on Equation 6.4 provides information
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about how the global change in resistance relates to either the change in volume

resistivity or the change in geometrical features:

dR

R
=
dρ

ρ
+
dl

l
− dw

w
− dt

t
(6.5)

For strains within the infinitesimal strain regime, the following approximations

hold true: dl/l ≈ ε and dw/w = dt/t ≈ −νε where ν is the Poisson ratio of the

constitutive material. Substituting these values into Equation 6.5 and dividing the

expression over the longitudinal strain, the gauge factor, k is defined as:

k = (1 + 2ν) +
dρ

ρ · ε
(6.6)

Equation 6.6 can be divided into two terms, the first one 1 + 2ν corresponds to

the change in resistance due solely to the modification of the length and the cross

sectional area of the samples. The second term dρ
ρ·ε represents the piezoresistive effect

as a change in the material property with respect to strain. The piezoresistive effect

in metals and semiconductors has it origins in the inter-atomic spacing modification

by a strain, which directly affects the bandgap separating the electronic conduction

band from the valence band.

Conductive particle-filled materials usually display a strong piezoresistive effect

albeit the underlying mechanism is completely different. As it was explained before,

the DC conductivity in conductive particle-filled materials relies on the formation

of a percolated network of conductive fillers within an insulating matrix. The main

conduction mechanism is the tunnelling effect which is dependent on the distance

amongst conductive particles as described in Equation 5.2. This conductive network

can be easily disturbed when the material is subjected to an external strain, specially

if the configuration is close to the percolation threshold, resulting in a large change

in the macroscopic electrical resistance. In particular, the piezoresistive behavior of
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polymer nanocomposites has been extensively investigated for carbon black/rubber

composites and more recently, for carbon nanotube (CNT)/polymer composites [116,

117, 118, 108, 119, 105, 120].

The resistance change of the fillers under strain is usually not a factor that con-

tributes to the overall piezoresistivity of the material. This is specially true for stiff

fillers, such as CNTs, because their deformation will be almost negligible due to the

high mismatch between the elastic properties of the matrix and the fillers and the

poor stres transfer between them.

Strong non-linear piezoresistive behavior has been found experimentally [117, 118,

108] and theoretically [121, 122] for materials with an easily disrupted percolating filler

network. Some of the known microstructural features that promote strong piezore-

sistive behavior (and usually low electrical conductivity) are low concentration of

conductive fillers [108], poor dispersion of fillers and nanotube agglomeration [121],

alignment of fillers in the direction of the deformation [117], and the use of fillers with

small aspect ratio, such as carbon black particles [108].

The investigation of the piezoresistive behavior of MWCNT/PC and (EG-PEDOT/

PSS)/ MWCNT/PC nanocomposites it is relevant for several reasons:

1. To improve the understanding about the conduction mechanisms involved and

correlate their response with the microstructural processes that occur while

subjected to a tensile strain

2. In the framework of multifunctional composites, the material performance on

roles where high electrical conductivity is necessary, depends on the integrity of

the percolating network of nanofillers, thus, it is important to understand the

relationship between the material degradation and the functional properties.

3. Because of their piezoresistive effect, nanocomposites have a potential for com-

mercial applications such as strain gauges [118, 108, 119]. The optimization of
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the manufacturing process and sensitivity performance are some of the techno-

logical challenges that hamper the implementation of polymer nanocomposite

strain sensors.

6.3 Characterization Techniques

For the experimental study of the piezoresistive behavior of MWCNT/PC and (EG-

PEDOT/PSS)/MWCNT/PC nanocomposites, the prepared samples were tested in a

electromechanical tensile machine and the electrical resistance was measured in situ.

The detailed testing procedure is reported as follows:

To increase friction with the testing machine grips and electrically insulate the

samples from the testing device, the coupons were fitted with 20 mm long adhesive

sandpaper tabs. Two copper wires are attached to the surface of the samples and

glued with silver paste to ensure a good electrical contact. Then, the electrode surface

was coated with epoxy glue for both electrical insulation and to prevent the electrodes

from peeling off during the test. The distance between the electrodes was 40 mm. All

dimensions of the specimen were provided previously in Figure 3.4 (b). The samples

were carefully positioned in the grips to ensure that the electrodes were insulated

from the testing device and correctly centred and aligned.

The electrical resistance of the samples during the mechanical test is measured

using an Agilent U2741A digital multimeter. In our set up, the current was injected by

a pair of leads connected to the electrodes; a second pair of leads was used to measure

the electrical resistance. For all configurations, at least 5 samples were tested and the

results show a representative example.

For the measurement of the temperature dependent DC electrical resistance, the

thin films were cut into smaller specimens with dimensions of about 15 mm ± 0.5

mm x 6 mm ± 0.3 mm and connected with copper wires as described previously.

The distance between electrodes was 9 mm ± 0.5 mm. The specimens were placed
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in a temperature controllable chamber, which was continuously purged with N2, and

the resistance was measured using a two probe technique with an Agilent 1252B

multimeter. The temperature ranged between 30 and 160 ◦C with a heating rate of

5 ◦ C min−1.

To test the DC resistance change with variable hydrostatic pressure, the samples

were placed inside an air-pressurized container in which the pressure could be reg-

ulated from 1 to 20 bar while the resistance of the samples was measured using a

four-probe technique with an Agilent 1252B multimeter.

6.4 Results and Discussion

6.4.1 Piezoresistive Effect

Figure 6.1 (a) and (c) show the relative change in electrical resistance, (∆R/R0),

with respect to the longitudinal strain, (ε), for PCN2.0 (material with PEDOT/PSS

coating) and CNT2.0 (material without PEDOT/PSS coating) samples, respectively,

during the cyclic loading. The corresponding stress-strain curves are plotted on Fig-

ures 6.1 (b) and (d). Note that the axes of Figures 6.1 (a) and (c) are different. For

a direct comparison, these curves are plotted together for all formulations in Figures

6.1 (e) and (f).

The macroscopic electrical resistance displays strain dependency for both configu-

rations, however, very differently. The strain dependancy of the macroscopic electrical

resistance of PCN2.0 is weaker, almost linear and repeatable between cycles. ∆R/R0

at 2.5 % strain is only about 0.03. The permanent change in the electrical resistance

remains very small (0.005) after unloading from a 2.5 % maximum strain. In com-

parison, MWCNT/PC samples show a much stronger resistance change ∆R/R0, of

up to 0.19 for CNT2.0 at 2.5 % strain. Additionally, upon unloading they show a

permanent increase in resistance.

For all material configurations described in Table 2.2 the gauge factor, k, has
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Figure 6.1: Change in electrical resistance vs tensile strain for samples with 2.0 wt.%
MWCNT: (a) PCN2.0, (c) CNT2.0 and (e) Both samples. Corresponding stress-
strain curves from incremental cyclic curves (b) PCN2.0 , (d) CNT2.0 and (f) Both
samples.

been measured over the elastic unloading section of every cycle using linear fitting as

indicated schematically in Figure 6.1 (c). Figure 6.2 (a) shows the resulting variation
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in the gauge factor during every loading-unloading cycle. The x-axis corresponds to

the maximum strain attained during each cycle. For some samples it was not possible

to compare the curves at the highest strain levels since the addition of MWCNTs made

the samples brittle.
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Figure 6.2: (a) Change in gauge factor and (b) Residual change resistance with respect
to the maximum strain attained in every cycle for all configurations. The dotted line
corresponds to the geometric factor, 1+2ν = 1.76.

First, it should be noted that the initial gauge factor differs between the two fami-

lies of samples. For MWCNT/PC samples, regardless of MWCNT concentration, k is

larger than the pure geometrically induced value of 1.76 (marked as a dashed line on

Figure 6.2 (a)), whereas it is less than this value for the samples with PEDOT/PSS-

coated MWCNTs. For MWCNT/PC samples, this is consistent with the literature

[117, 108, 119, 107, 121] and is the first evidence that the piezoresistive behavior is

largely amplified by the strain dependency of the nanocomposite electrical volume re-

sistivity (the term dρ
ρ·ε in Equation 6.6). For the samples containing EG-PEDOT/PSS,

these initial values stand slightly below the geometrically induced value, and remain

stable afterwards. This is an evidence that the electrical volume resistivity of these

materials is nearly independent of the strain level, and might even exhibit a slightly

negative dependency.

Second, the gauge factor in samples containing EG-PEDOT/PSS is less sensitive
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to the strain. k for PCN2.0 is very stable as it goes from k = 1.06 at the initial state

to k = 1.48 at εmax = 2.5 %. MWCNT/PC samples display a stronger piezoresistive

behavior even at low strain levels, and the piezoresistivity of these samples appears

to be considerably more strain dependent. For example, the gauge factor for CNT2.0

changes from k = 2.76 to k = 5.25 within the same strain range.

Third, MWCNT/PC samples display strong non-reversible changes in electrical

resistance, whereas EG-PEDOT/PSS-containing samples display very limited irre-

versible changes. For example, CNT2.0 suffer a 10 % increase in electrical resistance at

3 % strain, whereas the permanent change in resistance in any of the MWCNT/(EG-

PEDOT/PSS)/PC samples is negligible (Figure 6.2 (b)).

All these observations (different initial gauge factors, different changes in the gauge

factors with strain and different irreversible effects) testify to the fact that the con-

duction mechanism and the microstructure drastically changed between MWCNT/PC

only and MWCNT/(EG-PEDOT/PSS)/PC samples.

The strong piezoresistive effect of MWCNT/PC samples is attributed to the ran-

dom distribution of MWCNTs. In particular, the piezoresistive response of CNT2.0

suggests a poor dispersion and possibly MWCNT aggregation. These assumption will

be confirmed in the next section when the evolution of the mechanical properties are

observed.

The modified microstructure of MWCNT/(EG-PEDOT/PSS)/PC samples is re-

sponsible for the large difference in the resistance-strain relationship in compari-

son with MWCNT/PC samples. As was described previously, the microstructure

of MWCNT/(EG-PEDOT/PSS)/ PC samples consists of a well-distributed network

of MWCNTs embedded in a PC matrix where the MWNCTs are coated with EG-

PEDOT/PSS. In these samples, the weight ratio between EG-PEDOT/PSS and

MWCNT is fixed at 1.3:1, which corresponds to a thickness of the EG-PEDOT/PSS

coating of around 8 nm ± 2 nm. The TEM image of EG-PEDOT/PSS coated MWC-
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NTs shown in Figure 2.9 (b) clearly illustrates the EG-PEDOT/PSS coating around

the nanotubes and forming interconnections between them. Additionally, excess EG-

PEDOT/PSS in the form of spheres with average diameters of 67 nm ± 12 nm are

also found embedded in the PC matrix. Thus, it was previously proposed that the

tunneling conduction mechanism has been replaced by a conductive network, where

the EG-PEDOT/PSS coatings are in direct contact with each other, and where the

MWCNTs act as a backbone structure in the PC matrix. The small gauge factor

and its consistency throughout the cycles indicates that the nanocomposite behaves

similar to a bulk material.(i.e., The resistance-strain relationship is only a function of

the geometrical change, which is represented by a gauge factor value comparable to

the geometric factor.) The absence of a clear piezoresistive behavior or irreversible ef-

fects suggests that the PEDOT/PSS contacts and interconnections can accommodate

small levels of longitudinal strain.

Therefore, using conductive polymer-coated CNTs is a way to obtain a highy con-

ductive material that is free of irreversible resistance changes and strong piezoresistive

effects. All differences between MWCNT/PC and MWCNT/(EG-PEDOT/PSS)/PC

configurations can be understood based on the assumption that the conduction mech-

anism is mainly guided by a conductive polymer bridge between the conducting

nanoparticles. The objective of the next subsection is to support this hypothesis

by looking in detail at the change in electrical resistance with respect to temperature.

6.4.2 Temperature-dependent Resistance Change

In the previous section, it is proposed that the drastic difference in the resistance-

strain response is related to a fundamental change in the conduction mechanisms.

In the MWCNT/PC conductive network, the main resistive elements are the thin

polymer barriers at CNT/CNT junctions. The resistance of these junctions is largely

strain dependent as the tunneling mechanism can only take place at very short range.
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In the MWCNT/(EG-PEDOT/PSS) network, the interparticle charge transfer is di-

rectly ensured by a conductive polymer bridge which completely changes the macro-

scopic response. In this section, the objective is to have a closer look at the change in

resistance with respect to temperature for both families of nanocomposites. In fact,

results from such investigations can provide further evidence concerning the actual

conduction mechanisms in place for each configuration.

The temperature dependence of the tunneling effect has been described since the

early work of Sichel [104]. It is accepted that the main mechanism for resistance

change with temperature is the modification of the tunneling distance caused by a

mismatch in coefficients of thermal expansion amongst the constituents [123, 124, 125,

126]. As far as the volume conductivity of the polymer itself is concerned, CNT/poly-

mer nanocomposites can follow two different trends depending on the rubbery/glass

state of the polymer matrix (characterized by the glass transition temperature Tg).

Nanocomposites in which the polymer matrix exists as a rubber at room temperature

(for example PVDF Tg = 238 K [124], UHMWPE Tg = 175 K [125]) have a positive

temperature coefficient (PTC) i.e., the resistance increases steadily while heating until

a crossover temperature, TX , (usually the melting temperature), in which the resis-

tance decreases abruptly. Conversely, if the material exhibits a high glass-transition

temperature, (PVC Tg = 355 K[104], PEEK Tg = 419 K [126] ) then the nanocom-

posite shows a negative temperature coefficient (NTC) and the transition to PTC

occurs around Tg. The NTC in polymer nanocomposites has been explained by the

rearrangement of the percolated network that results in an increased number of in-

terconnections. Another explanation is that thermal energy facilitates a conduction

potential barrier jump [124]. The results for our samples are shown in Figure 6.3 (a),

where R/R0 is the resistance divided by the initial value at room temperature. PC

is a polymer with Tg = 420 K, thus, the NTC behavior of MWCNT/PC observed in

our experiments is consistent with expectations from the literature.
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Figure 6.3: (a) Relative change in resistance and (b) normalized electrical conductivity
with respect to temperature for selected configurations.

MWCNT/(EG-PEDOT/PSS)/PC samples display very different behavior. The

key point is that the temperature-dependent resistance of MWCNT/(EG-PEDOT/

PSS)/PC samples show the distinctive transition to metallic-like conduction of PE-

DOT/PSS [127] albeit at a higher temperature. At first, the samples exhibit an NTC

(similar to MWCNT/PC samples) with a crossover region into a PTC at around

TX = 90 ◦C. Figure 6.3 (b) shows normalized electrical conductivity σ/σTX (where

σTX is the conductivity value at the crossover temperature), from this study and

PEDOT/PSS fibers from [127] for a direct comparison.

This slight shift towards higher temperature for the transition to metallic-like con-

duction with respect to pristine PEDOT/PSS is probably due to the microstructure,

where EG-PEDOT/PSS appears as a thin layer surrounding the nanoparticles within

the bulk material. This is a different situation compared to bulk PEDOT/PSS fibers

[127], where water and/or solvent removal is much easier.

Thus, we can confirm from this evolution of global resistance with respect to

temperature that the conductivity is actually guided by EG-PEDOT/PSS bridges

between particles and not by the tunneling effect as it happens in MWCNT/PC

samples.
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6.4.3 Pressure-dependent Resistance Change

The purpose of this experiment is to submit the samples into an hydrostatic pressure

stress state. For this, PC nanocomposite samples were placed inside a pressurized

container. As the pressure rose, the inter-tube separation distance decreased, which

caused a decrease of the macroscopic resistance. The results from the hydrostatic

pressure test are shown in Figure 6.4 (a). The effect of the pressure on the resistance

of the samples was limited due to the relatively low pressure applied. The change is

resistance observed is more significant amongst the low-concentration MWCNT/PC

samples, where the distance between the nanotubes was initially greater. Most im-

portantly, this experiment clearly reveals different behaviors between both types of

samples. In comparison to MWCNT/PC samples, MWCNT/(EG-PEDOT/PSS)/PC

samples exhibit a very stable macroscopic resistance, even at low CNT concentration.

This is consistent with our suggestion that charge transfer is mainly performed by

the EPP coating both on the nanoparticles and at the tube junctions.
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Figure 6.4: Change in DC electrical resistance vs hydrostatic pressure.
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6.5 Conclusions

MWCNT/(EG-PEDOT/PSS)/PC samples exhibit the lowest piezoresistive effect and

the lowest variation of gauge factor with respect to the strain amongst our sam-

ples. Analyses of their initial stiffness and softening behavior suggest that their

microstructure is a well dispersed network of MWCNTs with a redundant number of

paths for electrical conductivity, where the main conduction mechanism is through

direct contacts between the PEDOT/PSS coatings on the fillers; their temperature-

dependent resistance also supports this conduction mechanism. As the strain in-

creases, the MWCNT-(PEDOT/PSS) network is able to accommodate the polymer

chain movements without compromising the conductive network due to the enlarged

interfacial contact area between PEDOT/PSS coating. Simultaneously, MWCNT-

(PEDOT/PSS) fillers are more effective in restricting the slippage between PC chains.

All this explains the weak and unchanging piezoresistive behavior characteristic of this

kind of sample. A material with this behavior is relevant for multifunctional mate-

rials, where it is desirable for the conductivity of the material to be unaffected by

mechanical loads, and also for sensing applications because of their good linearity.

On the other hand, the absence of EG-PEDOT/PSS in MWCNT/PC samples sig-

nifies that the main conduction mechanism on the MWCNT network is the tunneling

effect. The poor dispersion state creates fewer pathways for electrical conduction

within the material, making them more sensitive to strain. This results in a stronger,

exponential, and more variable piezoresistive effect. In particular, we observed that

CNT2.0 samples had the least effective network in terms of mechanical properties, as

suggested by their low initial stiffness and weak ability to restrict softening behavior.

Consequently, this sample exhibited the strongest piezoresistive effect, the largest

variation of the gauge factor with respect to strain and a significant permanent in-

crease in resistance upon unloading.

We can also conclude that there is a clear relationship between the quality of
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the MWCNT-network and the magnitude and variation of the piezoresistive effect:

a robust, well dispersed, highly conductive network will result in a low and stable

piezoresistive effect, whereas samples with a strong variable piezoresistive effect sug-

gest a nanofiller network that is easily disrupted by applied strains.

Thus, this work presents thus a technique to tailor the piezoresistive response of

highly conductive nanocomposites dependent on application requirements. Altough

presented here using carbon nanotube fillers, the concept can be extented to all for-

mulations in which the conductive nanofillers can a priori be coated by a conductive

polymer.
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Chapter 7

AC electrical conductivity

7.1 Introduction

Until now, only the DC conductivity of MWCNT/polymer matrix nanocomposites

has been considered. In Chapter 5, it was explained that these composites require the

construction of a percolated network of conductive fillers from one end of the sample to

the other and that the main conduction mechanism in these composites is tunnelling

effect, where the current flows across a thin insulating layer of polymer matrix between

the conductive fillers. It also was shown that modifying the interface between the

conductive fillers could increase the overall conductivity of the material and decrease

the percolation threshold. In Chapter 6, it was shown that the piezoresistive effect

of the nanocomposites, i.e. the change in the overall conductivity as a result of an

external strain, can also be modified by the presence of a conductive polymer coating

at the inter-tube interface.

A fundamental key-point in the DC experiments, is that the electrical resistance

observed is directly related to the tortuous path that the charge carriers had to travel

within the sample. Thus, samples with low filler concentration or poor filler dispersion

will typically show poor conductivity. However, measurements for conductive particle-

filled composites under AC conditions have shown that the electrical conductivity

increases significantly with increasing AC frequency.

The objective of this chapter is to explore the AC electrical conductivity of the

thermoplastic nanocomposite samples in order to complement the description of the
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conduction mechanisms. For this purpose, the macroscopic resistive and capacitive

behavior of the samples are analysed from a single Electrical Impedance Spectroscopy

(EIS) experiment. The results are used to describe the different conduction mech-

anisms which occur at the inter-particle junction. In particular, it is interesting to

know the effect of the EG-PEDOT/PSS coating, as it was shown in the previous chap-

ters, that it was effective in promoting more interconnections between the nanofillers

and changing the conduction mechanism from a tunelling effect to a direct contact

between the PEDOT/PSS coatings on the fillers.

7.2 Fundamentals of AC Conductivity in Conductive Particle-

filled Composites

A particular characteristic of the electrical conductivity of particle-filled composites is

the behavior with respect to alternating current frequency; the AC conductivity at low

frequencies displays a flat plateau where the conductivity is frequency-independent

and which is comparable to the DC conductivity, then, at a frequency ωm, that

can be defined as the onset for AC conductivity, the conductivity starts to increase

progressively with frequency. This kind of behaviour has been observed for amorphous

semiconductors, ionic conductive glasses, electronic conductive polymer and CNT-

polymer nanocomposites [128]. Because of this observation, the alternating current

(AC) conductivity of nanocomposites has been extensively used to demonstrate a

tunneling conduction mechanism in a particle-filled composite and as a qualitative

indicator for the state of dispersion of a percolating network [129, 130, 131, 132].

In AC, the electrical impedance, can be defined as complex quantity with a real

part R, which corresponds to the resistance and an imaginary part X called reactance

that is related to the phase change. Both quantities are related through the following

equation:
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Z = R + iX (7.1)

In a similar way, a complex, frequency-dependent conductivity can be defined as:

σ(ω) = σ′(ω) + iσ′′(ω) (7.2)

Where σ′ is the real part of the AC conductivity and σ′′ is the imaginary part re-

lated to the capacitance. Experimental observation of the AC behavior from dielectric

(capacitive) and resistive frameworks has confirmed that both terms are frequency de-

pendant. This has led to the description of an equivalent electrical circuit in which the

inter-particle junctions are represented as Voigt elements (combination of a resistive

and a capacitive part in parallel configuration) [133, 134].

The frequency dependency of the purely resistive part has been explained in terms

of the characteristic percolated network microstructure. While in DC the charge

carriers must travel along the percolated path throughout the sample, in AC, they

only travel a probed distance which is inversely proportional to the frequency. As the

probe distance is smaller with increasing frequency, many charge carriers travel mostly

within favorable paths such as low-resistance junctions and nanoparticle bundles while

highly resistive junctions are avoided [133, 130, 131, 132].

On the other hand, the capacitive element arises from the dielectric properties

of the resin separating the conductive electrodes (the carbon nanotubes (CNTs)).

Thus, under the influence of an AC, the charges accumulate on the junction and

create polarization effects [135]. The frequency dependency of this element has also

been described by works measuring the dielectric constant [135, 136, 137].

Another possible explanation of the AC conductivity dependence was proposed

by Almond and Vainas [138] based on the frequency dependency of capacitive ele-

ments; they compared the microstructure of a conductive particle-filled material with
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a random network of capacitors and resistors. In this framework, at low frequencies,

the impedance of the capacitors is large compared to the resistors, thus, the conduc-

tivity is limited by a percolated path of resistors. When the frequency increases, the

impedance of the capacitors decreases creating more conductive paths which become

more favourable for conduction until the conductivity reaches a new, higher plateau

where the percolated path is exclusively made of capacitors and the resistors act as

open circuits.

7.3 Characterization Techniques

Rectangular samples (60 mm ± 0.5 x 10 mm ± 0.5 x 300 µm ± 30) were prepared

by casting and hot pressing the MWCNT/(EG-PEDOT/PSS)/PC and MWCNT/PC

nanocomposites and they were equipped with silver paint electrodes (gauge length:

25 mm ± 0.5). Thin film samples of EG-PEDOT/PSS (rectangular samples: 30 mm

± 0.5 x 6 mm ± 1 x 40 µm ± 0.5) were also prepared by spin casting to investigate the

response of the PEDOT/PSS coating itself, which has not previously been reported.

These were also equipped with silver paint electrodes separated by 19 mm.

In the electrical impedance spectroscopy experiment, the resistance and reactance

of the samples were measured simultaneously with an Agilent E4980A Precision LCR

meter in a four-probe configuration using kelvin clips. The frequency range spanned

from 20 Hz to 2 MHz. The AC electrical conductivity and the tanδ were calculated

accordingly.

7.4 Results and Discussion

Figure 7.2 summarizes the EIS results. The real part of the AC conductivity, σ′(ω),

is calculated as σ′(ω) = l/R(ω)A, where R(ω) is the real part of the impedance

(Z(ω) = R(ω) − iX(ω)), l and A are the length and cross-sectional area of the

sample, and X(ω) is the reactance. While MWCNT/PC samples exhibit the typical
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frequency-dependent response of conductive filler/polymer nanocomposites [131, 128],

the MWCNT/(EG-PEDOT/ PSS)/PC samples exhibit a frequency-independent re-

sponse (Figure 7.2(a)). The EIS results for EG-PEDOT/PSS (Figure 7.2(a), inset)

also indicated a frequency-independent behavior. These observations suggest that in

MWCNT/(EG-PEDOT/PSS)/PC samples, the conduction mechanism is dominated

by the purely resistive behavior of EG-PEDOT/PSS. This becomes even more clear

when considering the difference in the phase response, θ, between the samples (Fig-

ure 7.2 (b)). We recall that tanθ, defined as tanθ = X/R, represents the magnitude

of the imaginary part (capacitive reactance) with respect to the resistive part. It

can be observed that, in MWCNT/PC samples, the capacitive part largely increases

with frequency. In samples such as CNT1.5 and CNT1.0, the capacitive part at low

frequencies is insignificant with respect to the resistive part, whereas at high fre-

quencies (>1 Mhz), the magnitude of R and X are comparable to each other. This

response is due to the thin layer of dielectric PC at the inter-tube interface, which acts

locally as a capacitor. In contrast, the resistive behavior dominates in MWCNT/(EG-

PEDOT/PSS)/PC samples even at high frequencies with a negligible capacitive part.

This behavior suggests that there is no polarization effects at the inter-tube junctions

of MWCNT/(EG-PEDOT/PSS)/PC samples.

7.5 Conclusions

Characterization results indicate that the presence of the EG-PEDOT/PSS coating

on the MWCNTs dramatically changes the electrical behavior of the percolated net-

work of CNTs at the level of the inter-tube junctions. In MWCNT/PC samples, the

junction behavior is dependant on the distance between fillers. It can be represented

by a Voigt element (a combination between a resistive and a capacitive element)

although the resistance and the capacitance are themselves frequency-dependent as

the probed distance becomes smaller with increasing frequency. On the other hand,
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(b) (a) 

Figure 7.1: Equivalent electrical circuit representation of the conductive filler
percolated network in (a) MWCNT/PC samples and; (b) MWCNT/(EG-
PEDOT/PSS)/PC samples.
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Figure 7.2: (a) AC conductivity; and (b) Tanθ vs frequency for PC nanocomposites
(and PEDOT/PSS films in the insert ) from the EIS. The conductivity levels for the
PC nanocomposites shown are comparable to those previously reported [2]. Different
values are a consequence of the material anisotropy due to the manufacturing process.

in MWCNT/(EG-PEDOT/PSS)/PC samples, the junctions are replaced by a con-

ductive polymer bridge that exhibits purely resistive behavior. The existence of this

bridge is demonstrated by its impact of the macroscopic response to voltage sweep,

frequency sweep and pressure sweep.
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Chapter 8

Concluding Remarks

Polymer materials are replacing traditional metals in a wide number of applications

mainly due to their lighter weight, ease of manufacture, cheaper cost and their im-

munity to electrochemical corrosion mechanisms. However, polymers are generally

poor electrical and thermal conductors, and their mechanical properties are not at

the same level as metals and ceramics. A first generation of reinforced polymers ad-

dressed the mechanical performance. For this matter, inorganic fibres such as carbon,

glass and kevlar were embedded in polymeric matrices to greatly increase their load

bearing capabilities maintaining most of the desirable traits of polymers. These fiber-

reinforced plastics are now considered mature materials with a wide range of current

applications.

The second generation of multifunctional reinforced polymers is now expected to

address electrical and thermal conductivity performance while keeping the enhanced

mechanical performance. However, thermal and electrical conduction mechanisms

have their origin in nanoscale interactions; electrical conductivity is achieved by the

free transport of electrical carriers along the material and thermal conductivity re-

quires specific arrangement of molecular structure to promote harmonic vibrations.

Therefore, the conception of a multifunctional material requires a comprehensive

understanding of the microscale mechanisms within the material that originate the

observed macroscopic properties. The main goal is being able to isolate and modify

a particular material property at will, without affecting other properties.

One of the most promising techniques to achieve a multifunctional conductive
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polymer material is by addition of conductive fillers. The increase of macroscopic

electrical conductivity is due to the formation of a percolating network in which the

charge carriers can move across the material. This is made possible by the tunneling

effect, by which the carriers can move from one particle to the next one through a thin

non-conductive barrier. Initially, metallic fillers were used for increased electrical, but

the large concentration necessary to make a significant change induced adverse effects

such as increase in weight and cost. Other candidate filler materials, such as carbon

black, also require large concentrations in order to construct percolating networks

due to their spherical shape. The breakthrough material is thought to be carbon

nanotubes, which not only are light and highly electrically conductive, they are also

immensely strong and their large aspect ratio allows the construction of percolating

networks at concentrations as low as 0.01 wt %.

Within a multifunctional material framework, the strategy of this work has been to

observe and characterize macroscopic polymer nanocomposite properties and design

additional experiments to validate the proposed hypothesis regarding the interac-

tions between nanotubes and the surrounding polymer matrix. The experimental

work has been supported by electron microscopy observations and spectroscopy tech-

niques such as FTIR. The experiments were achieved by the in-house preparation of

polymer nanocomposites, multiscale nanocomposites and the capability of modifying

nanoparticles by solvent methods.

Firstly, the correlation between mechanical and thermal properties was studied by

mechanical testing, damage analysis, dynamic mechanical testing and measurement of

the glass transition and degradation temperatures. The proposed mechanism is that

of a network of CNTs attached and entangled to the polymer matrix molecules albeit

only by weak interactions. Still, CNTs were able to increase, at least initially, Young’s

modulus, storage modulus and glass transition temperature of the samples. The

nature of the weak interactions was exposed while analysing the damage behaviour
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of the samples. During incremental cyclic loading conditions, CNT/epoxy samples

showed a quick reduction of their apparent Young’s modulus, which indicated that

the CNTs debonded easily from the matrix causing diffuse damage in the brittle

thermoset polymer. On the other hand, CNTs were more likely to reduce polymer

chain mobility in thermoplastic matrices as it was observed that increasing CNT

content could reduce the measured damage levels.

Secondly, it was shown that the electrical conductivity of polymer composites can

be successfully modified by the addition of MWCNTs. The conduction mechanism,

confirmed by different experimental observations, consists of a percolated network of

CNTs distributed within the polymer matrix. The charge transport between nearby

nanoparticles is possible by tunneling effect. The main advantage of using CNTs

is that the percolated network can be achieved with a very low concentration of

fillers due to their large aspect ratio and tortuosity; the high electrical conductivity

of CNTs plays a secondary role because the macroscopic electrical conductivity is

limited by the tunneling resistance that occurs at the interconnections between nan-

otubes. Moreover, it was shown that by modifying of the CNTs with a conductive

polymer coating, the tunneling behaviour can be replaced by a purely resistive bridge

which improves the electrical conductivity of the samples. This important result

originates a research direction which consists of percolating networks construction

optimization, particularly using scalable process and, the optimization of CNT-CNT

interconnection mechanism.

The experimental observations of the correlation between electrical and mechani-

cal properties supported the proposed mechanisms and confirmed that the interfacial

regions between CNTs and the surrounding polymer matrix play the main role in the

modification of the macroscopic properties. As expected, CNT/polymer nanocompos-

ites exhibit inherent piezoreistivity since the tunneling effect is strongly dependent on

the distance between fillers. However, when the CNTs were coated with conductive
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polymer, the piezoresistive effect was effectively cancelled as the distance-dependent

tunneling resistance at the CNTs junctions was replaced by a purely resistive inter-

connection acting as a conductive ”bridge”. The resistive interconnection hypothesis

was also supported by the results of experimentation with AC conductivity. In AC

conditions, the interconnection between uncoated CNTs exhibits resistive and capac-

itive behaviours, both of which are frequency dependent. On the other hand, the

conductive bridge between coated CNTs is frequency independent, which confirms

the purely resistive component.

While this work has achieved a deep insight onto the mechanisms in which MWC-

NTs affect the macroscopic properties of thermoset and thermoplastic polymers, sev-

eral challenges still remain in order to mature multifunctional polymer materials.

Firstly, manufacturing methods need to be developed that are simple, reliable, scal-

able and low-cost. Additionally, the manufacturing method performance will be a

direct function of the ability to disperse the nanofillers and construct percolating net-

works with a minimum filler content. The optimization of manufacturing techniques

will lower the material costs, open up applications and accelerate the development of

additional multifunctional materials. Additionally, advancements in nanofiller modifi-

cation are necessary to further increase material properties, for example, optimization

of functional groups to increase the strength of polymer/filler interactions would lead

to increased mechanical properties with acceptable long term degradation character-

istics; and optimization of the electrical conductivity of polymer coatings, or similar

techniques that could exploit the CNT percolating network to be used as a scaffolding,

could take the electrical conductivity to higher levels.
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APPENDICES

A Procedure for Laminated Composites Using Vacuum

Infusion

In the vacuum resin infusion method a vacuum pump is used to impregnate a stacking

of carbon fiber or glass fiber dry fabrics with liquid uncured resin and then it uses

a hot press to maintain a curing temperature until the resin solidifies within the

fabrics. The process starts by setting up the stack of fabrics in a mold and adding up

a number of technical fabrics that will ease the dispersion of the resin and facilitate

the unmolding process. This configuration is hermetically sealed using a plastic bag

and a sealant tape. Disposable pipes will be used to connect the resin and the vacuum

lines. The resin is prepared before the infusion which will take place at 80 C. The

vacuum pump will remove all the air from the stack and will apply a consolidating

force. The resin will flow to the low pressure area inside the plastic bag, impregnate

the stack of fabrics and flow towards the vacuum line. The extra resin will be collected

before it reaches the vacuum pump. A manual method for recirculation of the resin is

implemented when the resin and vacuum lines are closed in order to collect the resin

in the vacuum line and return it to the resin line.

Preparation of the fabric and the mold

1. The glass fiber fabric or carbon fiber fabric is stored in the fabrics rack. The

complete roll has to be translated to a table in order to cut the fabric into the
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desired size.

2. The roll has to be extended in the table taking care of the correct alignment.

3. The fabric must be marked in order to be cut using a soft point marker. The

maximum size of the fabric plies is 40 x 40 cm . The preferred size is 30 x 30

cm.

4. The cutting of the fabric in the direction transverse to the fibers yarns should

be made using the guillotine trimmer while scissors can be used to cut in the

direction parallel to the fiber yarns provided some yarns are removed using

pliers

5. A steel mold has to be used as a substrate for the system. The surface of the

mold has to be flat, smooth and clean and coated with a sealant and anti-stick

films. For a new mold, the surface has to be cleaned with acetone to remove

any impurities.

6. The sealant TR 910 has to be applied with a cloth. After each application, it

has to be dried with a new cloth and leave the sealant to cure for 30 min at

room temperature or 15 min at 60oC. This process should be repeated at least

2 times.

7. After the sealant, the multi pull TR 920 has to be applied with a wet cloth,

wiped dry and leave it to cure for 30 min at room temperature or 15 min at

60oC. This process has to be repeated at least 2 times.

8. For a previously prepared mold, a touch up coating with the multi pull should

be applied every 3-5 uses to protect the anti-stick film.
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Preparation of the Infusion System

9. A peel ply fabric ply must be placed on the surface of the mold and fixed

using peel ply self-adhesive tape. The peel ply will help on the unmolding

process and will leave a rough texture to the sample’s surface. It also allows

the stack of plies to breath, extracting the air porosities and allows the resin

to infuse the fabrics.

10. Flash tape will be placed around the peel ply. The flash tape will be a

substrate for the sealant tape. Flash tape keeps its properties at high

temperatures.

11. Sealant tape will be placed on top of the flash tape, around the peel ply. Do

not remove the peel yet.

12. The glass fiber or carbon fiber fabrics will be stacked on top of the peel ply in

the desired stacking sequence. A resin adhesive spray can be used in limited

quantities to keep the stacking in place between each ply.

13. Another peel ply will be placed on top of the stack and fixed with the peel ply

self adhesive tape.

14. A ply of Infuplex will be placed on top of the peel ply with the blue perforated

film facing down. The Infuplex ply width and length is 2 cm shorter than the

stack. It will be placed 3 cm before the stacking to create the resin line. On

the other end, the Influplex will be shorter than the stack and this will create

the vacuum side.

15. Create the resin line using a T-connector and a piece of bleeder mesh obtained

from removing the perforated film from the Infuplex.
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16. Create the vacuum line using a T-connector and perforated pipe and place it

on the vacuum side.

17. Use the vacuum bag and the sealant tape to close the stack. Make sure there

is enough plastic to follow all the shapes within the stack and not be too tight.

Start from removing the peel from the sealant in the corners to fix the plastic

bag, then close side by side adding more sealant tape to close the folds.

18. Make a hole in the T-connector of the vacuum line and seal around the

connector and the bag using sealant tape.

19. Preparation of the pipes for the vacuum line: Cut a 2 pieces of 40 cm length of

plastic pipe and join them together using a disposable valve. Join one end to

the T-connector of the vacuum line in the stack and the other end to the catch

pot lid. The pipe must go deep inside the catch pot.

20. Insert a beaker in the catch pot. Close the pot with the lid making sure the

pipe goes directly to the beaker.

21. Connect the vacuum pump to the catch pot lid. Turn on the vacuum pump to

the highest level; slowly open the valve in the vacuum line. This will extract

all the air from the stack. Check for leaks.

22. Make a U shape connection using two 25 cm length plastic pipes, two 5 cm

plastic pipes, two L-connector and one plastic valve.

23. Make a hole in the plastic bag in the T-connector in the resin line. Attach the

U connection to the T-connector. Seal around the T-connector using sealant

tape.

24. Place the mold in the hot press and preheat to 80oC with a ramp of

2-3oC/min.
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Preparation and Infusion of Resin (Without Carbon

Nanotubes).

25. Measure the amount of resin needed in a beaker.

26. Heat the resin to 80oC in the hot plate and use magnetically stirrer at slow

speed until the solution reaches 80oC.

27. Add the correspondent amount of hardener. Stir the solution for 30 minutes

at 80oC.

28. Place the free end of the U-connector inside the resin beaker.

29. The vacuum level should be maximum and the vacuum bag fully opened.

Slowly open the resin valve. The infusion will start.

30. Fully open the resin valve when the resin reaches the pipes in the vacuum line.

31. When the resin beaker is close to empty, close the resin valve and the vacuum

valve.

32. Disconnect the vacuum pump from the catch pot lid, let air enter inside the

catch pot. Open the pot, remove the beaker inside. Add the resin from inside

the catch pot to the resin beaker on the resin line to recirculate the resin. The

recirculation of resin will be done only once.

33. Place the beaker inside the catch pot, close the catch pot. Connect the

vacuum pump.

34. Slowly fully open the resin valve and the vacuum valve.

35. When the resin container is almost empty for the second time, close the resin

valve. Reduce the vacuum level to 0.5 and keep for 1 hour.

36. Apply full vacuum for 5 hours.



143

Unmolding

37. Turn off vacuum pump and cool down the hot press.

38. Remove the mold from the hot press, open the vacuum bag, remove the

sample, the Influplex and the peel plies.

39. Clean the remaining resin from the catch pot and the resin line. Dispose all

pipes and plies.

Post-curing

40. Put the cured specimen into the oven at 180oC for 5 hours.

41. When the oven is cooled down to room temperature, take out the sample from

the oven.

Alternate Configuration for Nanotube Enriched Resin (High

Viscosity Resin)

Order of the plies:

1. Mold

2. Anti-stick Teflon film

3. Infuplex (green net side)

4. Resin line, forming a perimeter

5. Infuplex (blue perforated film side)

6. Peel ply

7. Stack of fiber



144

8. Peel ply

9. Vacuum line on center on top, the pipes are covered with the green net. Put

some breather to reduce the mark on the center of the laminate.

10. Vacuum bag

The main idea is to create a pool of resin beneath the stack of fiber that will

impregnate the fiber stack from bottom to top The resin line (made of discontinuous

pipe) is connected directly to the green net, for that, remove the blue perforated film

from the edges of it and place the pipe directly on top of it. Then, the first layer

of peel ply goes on top of the resin line. After that, put the stack of fibers inside

the cavity formed by the resin line and cover everything with peel ply. The vacuum

line goes on the center of the laminate but make sure to put some breather to reduce

the impression on the laminate. Once the infusion is done, the resin will flow to the

pipes, and will connect directly with the green net of the infuplex which is below the

stack of fiber. The vacuum will make the resin flow underneath the laminate first,

facilitated by the green net, then through the blue perforated film and will go up

through the fiber stack towards the vacuum line in the center.
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B Procedure for Cyclic Mechanical Tsts Using Instron 5882

Instron series 5882 is an electromechanical load frame capable of testing different

materials in tension, compression or bending. It is design to apply the load to a

specimen via a movable crosshead. In particular the 5882 is capable of exerting up to

100KN. The electromechanical drive system moves the crosshead up and down and

precisely records the displacement. The electronics, control unit, input and output

ports are located in the 5800 controller. The whole system is managed by the control

panel located on the frame and more importantly by the Bluehill software and the

control console running on a workstation.The load cell on the crosshead is responsible

for the measurement of the load that is applied to the sample.

For the measurement of strain, in our laboratory we have 3 methods: mechanical

extensometer, video extensometer and strain gauges. A fourth method available is the

strain simply calculated from the displacement of the crosshead and the prescribed

gage length but will not be discussed because it is unreliable. In this section, I will

describe the video extensometer procedure.

The Bluehill 2 software is a tool to program all the parameters that define a

method and then, it uses this fully customizable method to perform tests and create

reports and obtain the raw data.

Start up and Preparation

1. Install the desired load cell and grip configuration on the Instron 5882 frame.

Make sure the grips are correctly aligned with the video extensometer and

tightened, including 20 kN pre-stress tightening if required. In particular, the
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use of 500 N load cell requires a special aluminum ring adapter to find the right

alignment that has to be placed between the crosshead and the load cell.

2. Start up of the system in the correct order: (1) Turn on the switch in the

bottom right of the UTS, (2) Turn on the controller, the switch is located on

the lower back side. Wait for 2 minutes for the system to boot. (3) Turn on

the video extensometer, the switch is located on the back. (4) Turn on the PC

and monitor. (5) Start the AVE software for the video extensometer. (6) Start

Bluehill last. Failure to conduct the proper system start up would cause errors

such as, extensometer not available, load cell not available. In such case, the

best practice is to turn off all devices in the inverse order and start up again.

3. Perform calibration of the load cell if a new load cell was installed. If the

video extensometer set up has changed, for example, the distance or alignment

between the camera and the sample, it is necessary to perform a calibration of

the video extensometer using the calibration kit. If the lighting conditions have

changed, it is necessary to adjust the polarizer and the aperture rings located

inside the video extensometer case. Otherwise, it is normally not required to re

calibrate the extensometer or adjust the aperture and polarizer rings.

4. Using the AVE software, perform the Before Sample wizard. Do this each time

the system would use a new sample, i.e., a new or different sample geometry

than what is used before. Here it is possible to select the area of interest,

confirm the field of view (but not change) and set gage length tolerance.

Method Definition Using Test Profiler

5. Launch Bluehill and create a new method, and select tension (or compression)

test with Test Profiler.
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6. The Test Profiler tool is located under the Control, test tab. In test profile, a

test program is defined by blocks. Each block will define a particular step. The

different shapes of a block are:

• Triangle: This is two steps in one, the crosshead will move two times. A

number of cycles can be specified to repeat this instruction several times.

• Relative Ramp. Will define only one movement, whether up or down. Rel-

ative ramp means that it will move the specified amount from the current

positions. For example, if the crosshead position is 40 mm and the relative

ramp specifies 30 mm, the crosshead will move up 30 mm, until its final

position at 70 mm.

• Absolute Ramp. Will define only one movement, whether up or down.

This is relative to the zero of the machine. For example, if the crosshead

position is 40 mm and the absolute ramp specifies 30 mm, the crosshead

will move down 10mm, until its final position at 30 mm.

• Hold: instruction to hold position or load.

The test profiler window contains as many blocks as needed, to add new blocks

at the end, choose append block. To add blocks in between, choose insert block.

It is possible to create different steps with displacement control or load control.

For example, is possible to define a displacement with a rate of 1 mm/min until

500 N in a single block and then unload at a rate of 100 N/min until 0 mm.

In particular, for a cyclic test, the block parameters can be defined as:

• Mode: Extension (preferable over Tensile Extension)

• Shape: Triangle

• Maximum: 0.5 mm
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• Minimum: 1 N (preferable over 0 N)

• Rate: 1 mm/min

7. In the Method, go to the Control, strain tab and select video extensometer as

the source of strain.

8. Go to Control, pre test tab and enable Auto Balance for the Axial strain (Video)

channel.

9. Go to Control, End of test and select Load with delay mode, then describe the

situation for a broken or finished sample, for example 0 N for 2 seconds. If the

condition is set to percentage of maximum load, the cyclic loadings will not

work as the test will stop during the unloading stage.

10. Go to Raw data tab and include the Axial Strain (Video), along with other

required parameters such as Load, time and stress.

11. Define all the remaining categories that are required for the method: General,

Specimen, Calculations, Results, Graphs, Raw data, Reports and Test prompts

Testing and Results

12. Once the method is defined, go back to the home screen and select Test. Create

a new test using the method that was previously defined.

13. Set up the parameters for the test and the specimen. Balance loads reset gage

lengths. Install the marked specimen in the grips, the load will change as a

result of the tightening. Use the fine controls in the Instron Control Panel to

move the crosshead and manually set the load to zero. Do not use the automatic

balance load button since it will hide the tightening loads.
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14. Before testing each specimen, go to the AVE software and perform a Before

specimen wizard, this will identify the actual gage length from the specimen

marks.

15. Go back to Bluehill and run the test. Continue testing specimens and perform

Before specimen wizard each time.

16. Once all specimens are tested, finalize the test and Bluehill will export the raw

data. In the raw data file, the column for Strain is the Axial Strain measured

with the Video Extensometer.
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