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Abstract 

 

This thesis is devoted to the scientific foundations of carbon nanotube fiber (CNTF) 

and carbon nanotube (CNT) interactions in polymer nanocomposites. The work focuses on 

the application of CNTFs as embedded electrodes for the one-step manufacturing and 

lifecycle monitoring of CNT nanocomposites. The CNTFs are shown to be able to detect 

various parameters; manufacturing defects, lifecycle damage and functional properties of 

CNT nanocomposites.  

The nanocomposites were manufactured using two types of CNTs, single- and 

multiwalled, at two weight percentages of 0.25 and 0.75, to which the CNTFs were 

integrated. The CNTFs were produced using the wet-pulling technique from SWCNT thin 

films of two widths to alter their diameter and conductivity. This allowed understanding of 

how the diameter and conductivity of the fibers affected dual-stage monitoring. 

Manufacturing monitoring consisted of electrical testing, with both the 2- and 4-point 

techniques, to determine CNTF sensitivity to CNT type, concentration and contact 

resistance. The performance was compared to embedded metallic electrodes, and the 

CNTFs were found to display no noise or contact resistance, diameter-free consistency and 

sensitivity to CNT type and concentration. 

Post-manufacturing monitoring tested the electrical, mechanical and piezoresistive 

properties of the nanocomposites with the embedded CNTFs. Electrical measurements 

made by the CNTFs matched those of the standard silver-based electrodes and were 1-2 

orders of magnitude smaller than metallic electrodes. Uniaxial tensile and cyclic testing 
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showed consistently measured piezoresistive response which matched the standard without 

causing any mechanical property loss, unlike metallic embedded electrodes.  

Microstructural analysis showed that the porous nature of the CNTFs allowed 

higher wetting and adhesion from the nanocomposite matrices on the surface as well 

volume through infiltration. This caused their superior mechanical and electrical 

performance through CNT (matrix) to CNT (CNTF adhesion). 

Thus, the CNTFs showed higher detection performance for both manufacturing and 

post-manufacturing monitoring. They were able to detect changes in the concentration of 

CNTs, were sensitive to both types, show no contact resistance and perform better than 

metallic electrodes. They perform as good as standard silver electrodes in all testing, with 

the added benefit of being useable as one-step dual stage solution. They did not cause any 

mechanical property loss after integration, unlike the embedded metallic electrodes.  

This thesis is the first to show that CNTF based electrodes can be integrated into 

large-scale nanocomposite manufacturing and provide dual-stage in-situ monitoring. This 

concept, which is cheaper and as accurate as alternative techniques for both stages, has a 

strong potential to positively impact industrial production techniques for smart, self-

diagnostic and multifunctional nanocomposites. 
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 Chapter 1. Introduction 

Polymer nanocomposites, a material class where nano-scale additions are added into a 

polymer matrix, incorporating carbon nanotubes (CNTs) have been used for a plethora of 

applications [1–3]. Most commonly seen is their combination with other materials to form 

nanocomposites [4], of which CNT polymer nanocomposites are the most popular due to 

their ease of manufacturing, multifunctional properties and spectrum of possible 

applications [5]. CNTs have been shown to be successfully applicable to both thermoset 

and thermoplastic nanocomposite manufacturing [1,6]. However, like any contemporary 

composite, they are susceptible to damage and defect generation either during their 

manufacturing or during their practical application. Current techniques, which were 

developed previously for contemporary composites, can be used for defect characterization 

and structural health determination, but have numerous drawbacks. They do not provide 

real-time monitoring, techniques used for monitoring manufacturing parameters cannot be 

used for structural health monitoring and vice versa, they often rely on capital and 

technology intensive techniques. Embedded sensors have attempted to solve this task, but 

their incorporation usually leads to defects generation, stress concentration and subsequent 

mechanical property loss. 

This thesis addresses these technological problems by utilizing carbon nanotube 

fibers (CNTFs) as embedded electrodes for the dual-stage monitoring of CNT 

nanocomposites. Here, CNTFs produced through the wet pulling technique, the 

foundations for which were laid down by the Laboratory of Nanomaterials at Skoltech [7], 

are applied as a material-based solution for monitoring multifunctional properties directly 
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linked to defects associated with manufacturing and loss in structural integrity. To verify 

applicability and feasibility of the novel embedded electrodes, various testing and 

characterization techniques are utilized. For the manufacturing stage, DC electrical 

resistance readings are taken of the nanocomposite to determine whether the CNTFs 

display contact resistance, are sensitive to different types of CNTs, if they are sensitive to 

the concentration of CNTs within the chosen polymer and if their own diameters and 

electrical conductivity effect the measurement behavior in a significant way.  The CNTFs 

were not removed after the manufacturing stage and used as electrical connections for 

monitoring the material during application. Nanocomposites were subjected to uniaxial 

tensile and cyclic testing, with their electrical properties monitored simultaneously. The 

testing aimed to substantiate if the CNTFs registered piezoresistive change, if their 

integration caused any mechanical property loss and if they showed consistent behavior. 

In both stages, performance was compared to commonly used metallic electrodes, such as 

surface applied silver paste and embedded metallic electrodes. Finally, a microstructural 

comparison of samples with various electrodes was conducted to elucidate on the 

mechanisms of interaction. 

Hence, this thesis methodologically explores a new, novel application of CNTFs as 

multifunctional property-based electrodes which allow material property detection during 

the entire life of a nanocomposite, beginning from its manufacturing to practical 

application. The proposed solution for future advanced nanocomposites has benefits over 

traditional measurement techniques, such as low noise, no mechanical property loss, cost 

effectiveness and dual stage applicability and performs on par or better than traditionally 
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used materials. Its applicability, not just for the materials investigated within, but 

nanomaterials which rely on the same mechanisms of working, make the proposed solution 

robust and wide-spectrum. 
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Chapter 2. Literature Review 

2.1 Carbon nanotubes 

 Carbon nanotubes (CNTs) have been reported and investigated since the early 

1950s [8,9], with various accounts showcasing what may be carbon nanotubes dating back 

even further [10,11]. However, large scale studies on carbon nanotubes, their properties 

and their eventual applications picked up following the famous publication by Iijima [12]. 

Due to their remarkable inherent thermal, optical and electrical properties [13], CNTs are 

uniquely suitable for manufacturing advanced composite materials systems [1,3,6], 

hierarchical material systems made by "top-down" or "down-up" fabrication [14,15] and 

CNT-based macrostructures such as fibers (CNTFs) [7,16,17]. In both self-conversion and 

in combination with other materials, CNTs have shown unique properties which have 

highlighted areas of potential applications, ranging from various types of sensors to 

complex electronics [18–22]. 

CNTs owe their inherently unique properties to their electronic structure, where the 

carbon bonding leads to sp2 hybridization. This hybrid carbon bond allows properties such 

as an extremely high Young’s modulus and tensile strength, thermal conductivity which is 

theoretically higher than that of a diamond and extremely high electrical conductivity [23]. 

These properties have led to their investigation in a variety of applications and fields, some 

of which have been previously mentioned. In order to better group what range of properties 

are shown by CNTs, they are generally classified according to two main methods, the first 

being according to their physical properties and dimensions and the second according to 

their electronic properties [23,24]. According to physical characteristics, CNTs may be 
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classified as single-wall (SWCNT), double-wall (DWCNT) or multi-wall (MWCNT) [25]. 

Length is not chosen as a good display of properties since each type of CNT may be 

produced in a variety of lengths. An illustration of this type of classification is shown in 

Figure 1. 

 

Figure 1: Schematic representation of (a) single-wall, (b) double-wall and (c) multi-wall CNTs [2]. 

 

 The second type of classification which is useful for CNTs is their chirality. 

Chirality refers to the n and m vectors that a showcase the degree or type of rolling that a 

CNT may have, since CNTs may be considered to be rolled up graphene sheets. This 

chirality is a good measure of whether CNTs may be considered to be metallic or semi-

conducting in nature [26]. Metallic CNTs have an electronic structure similar to that of 

metals, meaning that they do not have a band gap which needs to be surpassed for electrical 

conduction, whereas semi-conducting CNTs do have such a gap present [26,27]. The 

chirality is also directly related to CNT diameter, with certain diameters corresponding to 

certain chiralities and thus certain electrical characteristics. 

The characterization of CNTs is important in terms of final properties displayed by 

the nanocomposites these CNTs are used to manufacture. Through the addition of CNTs 
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to polymer matrices, the properties of CNTs may be transferred to the nanocomposites, as 

is further described in the next section. In this thesis, the first type of classification is relied 

upon, with the study contained within relating final nanocomposite properties with the 

CNT aspect ratios from SWCNT and MWCNT masterbatches. 

2.2 Carbon nanotube polymer nanocomposites  

The addition of CNTs to polymers, both thermoset and thermoplastic [1,28], allow 

the transference of CNT properties to the matrix polymer, resulting in multifunctional 

CNT-polymer nanocomposites. When coupled with polymers, changes in mechanical 

behavior [3,4], electrical and thermal conductivity [5,6], piezoresistive response [29,30], 

corrosion resistance [31] and flame retardancy [32] have been noted, amongst other. When 

coupled with fiber reinforced polymer matrix composites, the same tendencies are shown 

[2,33], leading to CNT nanocomposites becoming a prime candidate for next generation 

multifunctional composite systems [34,35]. 

For thermoset matrices such as epoxy, the most popular way of inclusion of CNTs 

in the matrix is through homogeneous dispersion into one of the components, usually being 

the polymer component and not the hardening component [3,36,37]. This process, 

commonly known as in-situ polymerization, relies on dispersing the CNTs in the matrix in 

such a way that the critical percolation threshold is crossed [31], before the addition of the 

hardening agent which begins the polymerization process. The critical percolation 

threshold is defined as the least amount of particles required to obtain a functioning 

percolation network [38]. A percolation network is a series of connections of these particles 

which allows electric current to flow through either the tunneling mechanism or through 
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ohmic contacts [39,40]. In the case of CNT/polymer nanocomposites, the percolation is 

believed to be dependent solely upon the aspect ratio of the reinforcing particles and the 

matrix is not considered to be contributing in any way to the electrical conductivity [40,41]. 

A schematic representation of this technique and the resultant percolation network is shown 

in Figure 2.  

 

Figure 2: Schematic representation of homogeneously dispersed CNT polymer nanocomposites 

 

Carbon nanotubes show poor dispersibility and conflict with conventional 

production routes for polymer composites [42–44]. Usually produced and shipped as 

powders, CNTs cause a dramatic viscosity increase when added to polymer matrices, 

resulting in agglomeration and thus a variety of advanced dispersion techniques being 

thoroughly investigated throughout literature [38,44,45]. For some functional properties, a 

degree of agglomeration is shown to be needed [46–48]. When it comes to integration into 

conventional production techniques for polymer composites, aerosolization of CNT 

powder limits the effective incorporation of nanotubes into polymer matrices and also 

poses a significant health risk. This causes the need for specialized safety protocol and 

handling and monitoring systems, increasing production costs [49–51]. CNT 

masterbatches (MBs) have become the prevalent strategy for industries working with CNT 

nanocomposites [3,47,52,53]. Masterbatches can be particularly useful for the large 
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volume production of such nanocomposites. Masterbatches are concentrates of carbon 

nanoparticles embedded or pre‐mixed in a selected matrix. From an industrial point of 

view, such masterbatches allow economical integration of advanced materials into existing 

thermoset/thermoplastic production lines with minimum changes to the manufacturing 

route. Apart from the manufacturing advantages, the embedded particles have a much 

lower chance of becoming airborne, presenting no health hazards which have to be 

counteracted [54]. 

An area which has attracted particular attention is the field of nanocomposite self‐

diagnostic sensor materials [3,55]. Through the addition of the carbon nanoparticles to 

thermoplastic and thermoset matrices, multifunctional nanocomposites can be produced, 

granted that the electrical percolation limit is reached or surpassed [41,56]. Such 

nanocomposites are usually piezoresistive, showing a resistance change under certain 

stimuli such as mechanical force. This property is caused by three main factors: (1) the 

destruction of the percolation network through reduction of the number of connections 

between individual particles, (2) deformation of the particles present within the network 

causing an increase in their intrinsic resistivity due to dimensional change, and (3) change 

of current flow due to the tunneling mechanism [57,58]. Piezoresistivity based self-

diagnostic materials allow measurement of stresses where traditional sensors cannot be 

used and may help in streamlining designs for a variety of applications. 

Since piezoresistive response is often dependent upon factors such as the number 

of CNTs and their aspect ratios, the relationship between the weight percentage of 

nanoparticles and the resistivity of nanocomposites (which influences the piezoresistive 
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response) has well been studied [38,59]. The general trend seen is that the higher the 

additive percentage of CNTs, the lower the resistivity and piezoresistive response 

[3,29,60,61]. Lower concentrations of CNT’s, nearing the percolation threshold, result in 

a higher piezoresistive response due to a weaker percolation network.  

CNT nanocomposites are susceptible to defect generation either during their 

manufacturing [62,63] or usage lifecycle [64,65]. With the inclusion of CNTs, 

manufacturing defects for such materials increase to include mechanisms such as 

nanoparticle filtration, dead spaces due to increases in viscosity as well as a lowered degree 

of polymer curing [28,66]. Identifying such defects with commonly used technological 

solutions such as visual, acoustic, infrared, ultrasonic and x-ray inspection  as well as online 

FTIR, NMR, DSC and TGA are often time and resource consuming, infeasible for a 

complete picture in their singularity, and are not representative of the entire part being 

manufactured [67,68]. Furthermore, most techniques for manufacturing defect detection 

and post-manufacturing defect development cannot be integrated to provide information 

for both stages. To address such issues, recent studies have focused on the usage of 

embeddable sensor systems which have the benefit of providing real time information 

during the manufacturing of composites regarding matrix properties and changes [69–71]. 

An added benefit of such sensors is that they offer a one-step sensor solution as they may 

double as sensors for the lifecycle structural health monitoring of the composite parts, 

without the need for removal or alteration. Although such technology has promising 

potential, the application of such sensors within composites and composite structures may 

alter their mechanical behavior [72–74]. In addition to this, the issue of nanoparticle 
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filtration, present within major forms of composite manufacturing used for nanocomposite 

production, is still an avenue which has not been researched in detail when combined with 

embeddable sensors [75]. 

Embeddable sensor technology for composite monitoring has employed, but is not 

limited to, the use of fiber optics [76], piezoelectric/piezoresistive materials [77], dielectric 

[78], acoustic [74] as well as electromagnetic materials and sensors [79]. For fiber optic-

based sensors, successful application has allowed both manufacturing variable [80] and 

post-manufacturing structural health monitoring [81]. However, such sensor systems rely 

on the need for an additional optics systems, associated equipment, and face hinderance 

with CNT nanocomposites where the transmittance properties of the base material 

deteriorate with nanoparticle addition [82]. Piezoelectric and piezoresistive sensors and 

patches have also shown to be usable for monitoring both stages, but their dimensions, 

coupled with the electric wiring needed for their operation, causes regions of 

inhomogeneity within the composite [83]. Dielectric, acoustic and electromagnetic patches 

and sensors also have the same drawback, with their inclusion and wiring resulting in areas 

where composite failure might originate [78,84]. 

Hence, this thesis aims to address the issues, identified above, for CNT 

nanocomposites manufactured from masterbatches with embedded CNTFs electrodes 

capable of monitoring multifunctional properties and identifying defects, all while causing 

no loss in mechanical performance of the host material. 
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2.3 Carbon nanotube fibers 

CNTFs are fiber-shaped macro structures developed from the assembly of CNTs 

and have in themselves proven to show exceptional flexibility combined with electrical, 

thermal, mechanical and piezoresistive properties [7,85]. CNTFs may be produced through 

both wet and dry techniques [86,87], allowing specific tailoring of properties and 

performance through changes in density, porosity and surface morphology. Dry methods 

are characterized by the lack of liquid solvent or dispersant required during manufacturing, 

and they are usually created directly from a CNT aerosol or from other nanotube assemblies 

(film or forest) to obtain CNTFs [7]. Wet techniques entail the usage of liquid phases, 

usually a crystalline phase of CNTs in a superacid or production from a nanotube 

dispersion [86]. Both methods require specialized equipment and specific chemicals. 

Compared to these, the wet pulling method provides a novel yet simple methodology for 

manufacturing CNTFs from CNT thin films. It combines the surface tension of a wetting 

agent with directional pulling to ensure consolidation of a CNT film into a CNTF [7,85,88]. 

The electrical behavior of the CNTFs produced through the wet pulling method from 

SWCNT thin films is comparable with the values achieved by wet or dry spinning [85,89–

94] and Figure 3 provides a visual example for CNTFs. 
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Figure 3: SEM images of a CNTF at (a) 500X and (b) 5000x 

 

Carbon nanotube fibers (CNTFs) may offer a mechanically non-invasive solution 

for the embedded monitoring of advanced thermoset nanocomposites. In previous studies 

where CNTFs were applied for the manufacturing stage monitoring of resins and 

composites, they have shown to be sensitive to thermoset resin changes and chemical 

reagent concentrations [95]. The porosity and flexibility of the CNTFs allows infiltration 

of the resin into the fiber, resulting in distinct piezoresistive changes during each of the 

various stages of polymer reaction and solidification. The same piezoresistive principle is 

used for their application in structural health monitoring during composite usage, with the 

application of stress and strain causing changes in the number of connections between the 

CNTs which make up the CNTF, resulting is accurate sensors which can detect material 

health status and damage [96]. 

Some works have investigated using CNTFs as embedded sensors for fiber 

reinforced or unaltered polymer composites. They have studied both the manufacturing and 

lifecycle stages of such materials, but separately. No scientific work, to the best of the 

author’s knowledge, has addressed their feasibility for monitoring multifunctional 

nanocomposites and their properties such as electrical conductivity and piezoresistive 
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response, especially those incorporating CNTs in the polymer matrix. To add, CNTFs have 

not been investigated for the possibility of offering a material-based sensing solution for 

detecting different concentrations of conductive nanoparticles, which may allow the 

filtration effect to be identified during manufacturing. CNTFs based on single-walled 

carbon nanotubes (SWCNTs) are extremely rare in literature, with the majority of fibers 

being produced using multi-walled carbon nanotubes (MWCNTs), leading to no literature 

showing their applications for multifunctional property detection. Finally, combining these 

diverse properties into a single embedded electrode system which performs these functions 

both during the manufacturing of CNT thermoset nanocomposites as well as during their 

usage without causing any mechanical property loss has not been investigated or reported. 

Hence, to experimentally verify the feasibility of CNTFs as mechanically non-

invasive functional property detecting electrodes, this thesis creates a hierarchical 

nanocomposite which utilizes CNTs as the matrix filling material for providing 

multifunctional properties and CNTFs as the mechanically non-invasive electrodes. The 

CNTFs, produced through the wet pulling technique utilizing SWCNT thin films, are 

studied for their feasibility of functional property monitoring, their sensitivity to MWCNTs 

and SWCNTs concentrations in the matrix, the effect that CNTF dimensions may have on 

detection performance and these properties are then compared to the standard methods 

employed in scientific works for a comparative analysis. The work not only shows that the 

one-step embeddable CNTFs perform as good as the currently utilized standard techniques, 

and in some cases higher, but identifies the mechanism of interaction between CNTFs and 

dispersed CNTs within the thermoset matrix, an area of research which currently has not 
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been reported on. The work is also the first to show the feasibility of the wet pulling 

technique and SWCNT-based CNTFs for manufacturing defect and post-manufacturing 

structural health monitoring and aims to pave the way for the use of CNTFs as novel 

electrodes for CNT-based multifunctional nanocomposite property detection. 
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Chapter 3. Materials and Methods 

3.1 Methodology and characterization 

As described above, this thesis required the production of two separate materials, 

which were then integrated together. The first is the thermoset nanocomposite which is 

intended to be measured for multifunctional properties, both during the manufacturing 

process and after. The second are the novel CNTF electrodes which are embedded into the 

nanocomposite during the manufacturing stage to measure the properties without affecting 

the final mechanical performance. Once the multifunctional nanocomposites were 

produced with the various electrode systems, they were tested for their electrical, 

mechanical and piezoresistive properties and a comparison between their performance was 

conducted. 

Prior to CNTF fabrication, the SWCNT thin films were checked for their thickness, 

G/D ratio and sheet resistance using a Perkin Elmer Lambda 1050 UV–vis–NIR 

spectrometer, a Thermoscientific DXRxi Raman Imaging microscope, and a Jandal 4-point 

probe RM3000, respectively. CNTFs were characterized for their diameters and electrical 

resistance values using a Keithley multimeter and Leica DM4500 optical microscope. 

Masterbatches used for manufacturing nanocomposites were characterized at the 

manufacturer, and data sheets were provided. After nanocomposite production with 

embedded electrodes, electrical and piezoresistive properties were measured using a 

Keithley multimeter combined with an Instron 5969 and Instron Electropuls 3000. After 

mechanical testing, samples were visually inspected at sites of breakage, followed by SEM 
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visualization using a Helios G4 PFIB. Exact details for these techniques are included in the 

following sections describing the materials. 

3.2 Precursor materials 

In this thesis, two types of CNTs were used to manufacture the epoxy matrix 

nanocomposites. For health and safety reasons, and to make the thesis more geared towards 

materials which may be used in industrial settings, commercial masterbatches were used 

for nanocomposite manufacturing. The details of the CNTs used to manufacture the 

commercial masterbatches have been compiled in Table 1. 

Table 1: Commercial masterbatches used to manufacturing epoxy matrix nanocomposites 

Designation Additive type Aspect Ratio Manufacturing 

MW* MWCNT ~6-1000 Twin screw extrusion 

SW* SWCNT ~ 2500-3000 Three-roll milling. 

*Note: Masterbatch producers are OCSiAl (SWCNT) and Graphistrength (MWCNT) 

 

The masterbatches used were commercially purchased (SWCNTs-Tuball 301, 

OCSiAl, Russia, MWCNTs - Graphistrength C S1-25, Arkema, France) and used as 

received. The manufacturer data sheets of the SWCNT masterbatch showed the diameter 

to be 1.6 ± 0.4 nm with a mean length of > 5 µm and the estimated aspect ratio of the 

SWCNTs is about 3000. For the MWCNT masterbatch, the manufacturer data sheets 

showed the diameter to be between 10-15 nm, while the length was stated to be 0.1-10 µm, 

putting the aspect ratio   between 6-1000. A bis-a-phenol/DGEBA epoxy resin (EPOLAM 

2031, Axon, France), which is chemically the same as the matrix used for masterbatch 

production, was utilized as the matrix in this study. Nanocomposites were manufactured 

by adding CNTs to the epoxy matrix through an optimized, standardized processing route 
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based on both ultrasonication and high-speed homogenization, described further on in this 

thesis. 

SWCNT thin films were used to fabricate CNTFs through the wet pulling 

technique. The CNTs had an average length of 20-40 μm and an average diameter of 2.1 

nm [97]. The films were synthesized by an aerosol (floating catalyst) chemical vapor 

deposition (CVD) technique described previously [98]. As shown in previous work, the 

thickness of the films used to fabricate the CNTFs have an effect on their final structure 

and conductivity [7,85]. Thus, the highest available thickness of 60% transmittance were 

used for CNTF production. Film G/D ratio was measured using a Thermoscientific DXRxi 

Raman Imaging microscope, thickness was calculated using a Perkin Elmer Lambda 1050 

UV–vis–NIR spectrometer [99] and sheet resistance was measured using a Jandal 4-point 

probe RM3000. The measured G/D ratio was ~37, the thickness corresponded to ~53 nm 

and the sheet resistance measured was 48 Ω/sq. 

3.3 Carbon nanotube fiber fabrication 

CNTFs were produced from these thin films using the wet-pulling technique, which 

involves the dry transfer of CNT thin films to a substrate, their wetting with a solvent which 

aids in densification and subsequent mechanical pulling which converts the films into 

fibers as they wrap around themselves during the pulling procedure. The fabrication 

procedure has been detailed in previous works [7,85,88]. To summarize the method, the 

process may be broken down into 3 main steps, and has been schematically represented in 

Figure 4. In step (1), CNT thin films are transferred from the cellulose filter onto a glass 

slide by dry transfer technique. Step (2) includes wetting this thin film with a few drops of 
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solvent. In step (3), the film is held with tweezers and then pulled in one direction causing 

the film to fold and wrap into a CNTF. The described method of CNTF fabrication is based 

on the effect of solvent evaporation and CNT film folding due to surface tension. In this 

work, ethanol was used as the wetting and densification solvent. Once the fibers were 

produced, they were placed on glass substrates, with their ends fixed to the substrate using 

conductive silver glue. Their dimensions were measured using an optical microscope and 

their electrical resistance values noted using a Keithley multimeter. Their conductivity was 

calculated using the standard formula for the resistivity of solids, which was inversed to 

obtain the conductivity value [88]. 

 

Figure 4: Representation of the wet-pulling technique; steps (a-c) show the 3 steps and (d) shows the 

fabricated CNTF. 

 

3.4 Carbon nanotube nanocomposite manufacturing 

The thermoset nanocomposites were produced using a standardized manufacturing 

route, outlined in Figure 5, using a combination of ultrasonication and high-speed shear 

mixing. In the first stage, the correct amount of masterbatch was weighed according to the 
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intended final weight percentage of the nanocomposite. For example, for a 100g 

nanocomposite batch of 0.25% wt. MWCNTs, 1g of masterbatch (25% wt. by 

manufacturer) was used. This amount was then soaked in 5 ml of acetone overnight to 

ensure that the dense masterbatch could disperse during the following processing stages. 

The soaked masterbatch was then subjected to ultrasonication in an ultrasonic bath for 30 

minutes to help soften the masterbatches and create a pre-dispersion. Once this was 

completed, a weighed amount of thermoset resin, without the associated hardener, was 

added and the mixture was then shear mixed using an IKA T-25 Ultra Turrax homogenizer. 

The mixture was first homogenized at the lowest RPM of 3200 for 3 minutes, followed by 

mixing at 7500 RPM for 45 minutes and finally at 10,000 RPM for 15 minutes. Once the 

homogenizing step was completed, the mixture was then ultrasonicated for a second time 

for 1 hour to help improve dispersion while degassing the mixture. Following this, the 

mixture was placed in a vacuum chamber and degassed for 30 minutes before the weighed 

amount of hardener was added. The mixture was then slowly hand mixed for 10 minutes, 

followed by a second degassing step of 10 minutes. Finally, the nanocomposite mixture 

was then taken and hand poured into silicon molds corresponding to ISO 527. Samples 

were cured at room temperature for 24 hours before being post-cured at 60 degrees for 12 

hours in a laboratory oven. Sample dimensions were as follows: an overall length of 170 

mm, a gauge length of 75 mm and a thickness of 3.6-4.1 mm. These samples were created 

in groups, herewith referred to as batches. Equipment limitations allowed a maximum 

amount of material worth 5 samples to be processed using this route. Hence, each group or 

batch or material was used for one type of electrode system. Different electrode systems 
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were made from different batches which may lead to a batch to batch nanocomposite 

property variance. 

 

Figure 5: The various steps of nanocomposite processing 

 

3.5 Material selection and optimization  

As part of this thesis, it was important during initial material selection to choose 

CNTF and CNT forms which would best represent materials in literature as well elucidate 

on the mechanisms of their interaction when combined together. Hence, techniques were 

explored to determine if CNT and CNTF optimization could be conducted before 

nanocomposite production and CNTF integration. For CNT optimization for 

nanocomposite production, CNT powders were subjected to compression and expansion to 

produce powders with different bulk densities. These were then used to produce CNT 

nanocomposites, as described further, and their properties compared to nanocomposites 

produced with masterbatches. This phase of the investigation provided information 

regarding what bulk CNT form to use for further experiments, what the electrical 

conductivity trends of the CNT nanocomposites are and if any differences in functional 

properties was present.  
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For CNTF optimization, mechanical densification applied after initial fabrication 

was applied to increase CNTF density, electrical conductivity and reduce surface and 

volume porosity. This process led to an electrical performance increase and reduction in 

defects and the mechanism of this improvement was identified. 

3.5.1 Carbon nanotube fiber density alteration 

CNTFs were subjected to physical twisting for additional densification and the 

procedure begins by placing the two ends of the free-standing fibers in a custom-made 

twisting machine. Control of the twisting degree was performed by counting the twist 

number where one twist is equal to one full 360-degree rotation. An ethanol reservoir was 

placed directly beneath the middle section of the fiber. Twisting was conducted in steps of 

25 twists (i.e., 25, 50, 75, etc.) until the density, calculated through the fiber diameter and 

verified by optical microscopy, was as near to the theoretical maximum limit as possible 

(120). It was noticed that after 120 twists, CNTFs with a length of ~2 cm break immediately 

and further processing was infeasible. Schematic illustration of the process has been shown 

in Figure 6. SEM was used to visualize surface and volume microstructural changes. This 

particular technique was chosen instead of alternative options because it has previously 

been reported by the laboratory where this work was conducted [7,85], provided a facile 

route for initial investigations and did not chemically alter the CNTF as with chemical 

based techniques [87]. 
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Figure 6: Schematic diagram for the twisting procedure 

 

During the twisting procedure the CNTF edges spin at the point of being held, 

causing the rest of the CNTF to twist, overlap and wrap around itself. The process causes 

a transmittance of compressional force onto the length of the CNTF, which eventually 

causes a decrease in fiber diameter. This decrease in diameter caused by compression in 

turn causes the voids and defects of the CNTF to be removed by essentially pressing the 

fiber material together. The technique has been detailed in previous works by this 

laboratory [85] as well as others for CNTF production and densification [100]. 

3.5.2 Bulk density alteration of CNTs 

Four types of SWCNT forms were used to determine the effect that different bulk 

densification states may have on nanocomposite properties. The details of the additives 

have been compiled in Table 2 and illustratively shown in Figure 7. A bulk density range 

of more than two orders of magnitude is studied and weight percentages investigated 

included 0.005, 0.01, 0.05, 0.1, 0.25, 0.5, 1.0 and 2.0 wt.%. 
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Table 2 Designations and parameters of the SWCNT additives. The same designations are assigned 

to the nanocomposites produced from the respective additives. 

Designation Powder type 
Bulk 

density (g/l) 

Specific 

surface area 

(m2/g) 

IG/ID** Manufacturing 

Briquettes Consolidated 450 570 70 ± 40 

Commercial 

powder subjected 

to compression. 

MB Masterbatches ~ 97* - - 

Commercial 

masterbatch, 

produced through 

three-roll milling. 

Pristine Unaltered 18 580 80 ± 20 

Commercial 

powder, no pre-

dispersion. 

RESS 
RESS-

expanded 
1.6 560 70 ± 10 

Commercial 

powder subjected 

to RESS. 

* bulk density of SWCNTs within the masterbatch is estimated considering the density of the 

material (0.97 g/cm3) and weight concentration of SWCNTs (10 wt.%). 

**IG/ID refers the reciprocal defect concentration within SWCNT 

 

Figure 7: Illustrative representation of the bulk density difference between the SWCNTs used 

showing the cylinders of the same mass. 
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The masterbatch, described previously, was used as the reference to determine 

whether it would be suitable for further study. The RESS and briquette type powders were 

manufactured from pristine SWCNT powder from the same manufacturer (OCSiAl, 

Russia). The manufacturer data sheets of the SWCNT powder showed the diameter to be 

1.6 ± 0.4 nm with a mean length of > 5 µm. The estimated aspect ratio of the SWCNTs is 

about 3000 [101]. 

Briquette type powders were manufactured through the pneumatic compression 

(Allied High Tech Products, USA) of pristine powders at 6 atm without any heating. 

Powders were held at this pressure for a 5-minute period before being removed in the 

briquette form. RESS powder was manufactured according to a previously described 

method [99, 100]. Briefly, SWCNT powder was placed in a high-pressure vessel (volume 

is 25 ml) and then exposed to supercritical fluid (nitrogen, 150 atm, 40 °C) for 30 min. 

Next, this supercritical suspension was injected into a larger vessel (500 ml) kept at ambient 

conditions. Due to the high difference in pressures, rapid expansion of the suspension took 

place, leading to an intensive decrease in bulk density of the SWCNTs (11 times) along 

with de-bundling [102]. 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

was conducted to determine whether the SWCNTs showed any differences in 

microstructural evolution during powder and nanocomposite manufacturing for the 

alternative SWCNT types. The findings were correlated to electrical performance and the 

nanocomposites were manufactured with the thermoset matrix using the processing route 

previously described. To properly visualize the internal volume and to avoid excessive 
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plastic deformation and associated CNT pullout for the nanocomposites, samples were 

frozen in liquid nitrogen for 15 min before being broken to obtain a fracture surface which 

was used for observations.  

3.6 Nanocomposite fabrication with embedded electrodes 

 For manufacturing samples with embedded and surface applied electrodes, the 

metallic and CNTF-based electrodes were carefully placed in the gauge length of the 

sample molds prior to nanocomposite molding, at a distance of 5 mm from each other. 2 

and 4 electrodes were embedded within the samples to allow a comparison between 

measurements from the two techniques. Copper wiring, with a diameter of 100 – 150 µm, 

was used to make the metallic embedded electrodes since wiring of a smaller caliber was 

difficult to manipulate and broke during the demolding process and additional wiring 

attachment. Such wiring is common for multifunctional nanocomposites [103] and was 

chosen based on two principles. The first being that such wiring is already used in the case 

of multifunctional composites, either as part of a sensing system, as the contacts for sensing 

themselves or as part of a system to impart multifunctional properties. Secondly, the 

dimensions of the electrodes were chosen to be similar to the diameters shown by the 

CNTFs, to remove ambiguity regarding the effect on mechanical properties. Samples with 

externally applied silver glue-based electrodes, as is common in literature with 

multifunctional nanocomposites [104–106], followed the same design principle with lines 

of the silver glue being made on the sample surfaces in the same region all along the sample 

periphery. Schematic representations of the sample types have been shown in Figure 8. 
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Figure 8: (a) 2- and (b) 4-point sample schematics. (1,2,3) show the embedded CNTF, metallic and 

surface silver electrodes side view, respectively. 

 

After sample fabrication, samples were first tested for their electrical resistivity 

using the embedded and surface applied electrodes. Nanocomposite electrical resistivity 

was calculated using the same method used for CNTF electrical conductivity. The 

piezoresistive response of the samples was measured under two conditions, the first being 

uniaxial tensile loading and the second being uniaxial cyclic loading. For piezoresistive 

measurements, the resistance of the samples and its change was measured during 

mechanical loading by attaching the embedded electrodes to a Keithley multimeter. The 

gauge factor (GF) of the samples was calculated using the following equation, where R is 

the resistance value measured, R0 is the initial resistance of the sample and ɛ is the strain: 

                                                                𝐺𝐹 =  

𝑅−𝑅0
𝑅0

ɛ
               (1) 

Tensile loading was carried out with a traverse head speed of 1mm/min on an 

Instron 5969 universal testing machine. Strain measurements were made using a digital 
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image correlation system (DIC), LIMESS (Correlated Solutions, USA). 5-megapixel 

cameras were used for image capturing and VIC‐3D software was used for calculating 

strain. DIC was employed since it did not interfere with electrode placement in the gauge 

length of the samples and helped avoid anomalous material behavior [3]. The mechanical 

properties of interest that were measured were the ultimate tensile strength (UTS), Young’s 

modulus and Poisson ratio. The UTS represents the maximum stress sustained by the 

material before failure, the Young’s modulus is a measure of material stiffness and the 

Poisson ratio is the ratio of transverse to axial deformation during tensile loading. The UTS 

was calculated using the Bluehill software which is native to the Instron 5969. The Young’s 

modulus was calculated using the stress to strain ratio in the elastic deformation range of 

the samples. The Poisson ratio was calculated using the VIC-3D software using two digital 

extensometers (one vertical and one horizontal) placed in the captured images during 

processing. 

The cyclic loading was carried out using a modified version of ISO 13003, a 

modified ISO 527 tensile testing method, which is an approach commonly employed for 

measuring cyclic uniaxial loading [107]. This was done on an Instron Electropulse 3000 at 

10 Hz at 60% of the UTS measured during the tensile testing. This value was chosen as (1) 

it is considered high for the cyclic testing of polymers and (2) the higher the stress load, 

the greater the chance of sample breakage at sites of inclusions and defects, allowing a 

comparison of whether the embedded electrodes negatively affected the mechanical 

properties of the multifunctional nanocomposite. After mechanical testing, samples were 

visually inspected at sites of breakage, followed by SEM visualization using a Helios G4 
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PFIB. All experiments and characterizations were conducted at ambient room conditions 

(temperature between 22-25 ⁰C and humidity between 30-50%). 
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Chapter 4. Nanocomposites with embedded electrodes 

 

4.1 Material selection and optimization 

As previously stated, initial experimentation varied CNT and CNTF bulk density 

to determine which material states may be best for the investigation of their interaction. 

The wet pulling technique is a manual procedure for CNTF fabrication and factors such as 

pulling speed, angle and adhesion to the transfer substrate all impact the film folding and 

densification process during solvent evaporation. This, in turn affects the morphology and, 

as a result, the electrical performance of the produced fibers. Hence, mechanical 

densification through a twisting procedure was investigated to determine if it may produce 

CNTFs conducive to the thesis objectives. 

CNTFs which underwent twisting in a wet state do not possess visible surface 

defects and the required degree of porosity, neither when visualized from the side view or 

at the cross-section, proving that such defects as well as macro voids and holes are almost 

eliminated by the twisting procedure. These fibers also showed the smallest diameter 

variability, indicating that the process indeed led to greater densification and tighter fiber 

packing. Visual comparisons of these fibers made with SEM are shown in Figure 9. 
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Figure 9: SEM comparison of (a,c) as-produced CTNFs and (b,d) twisted CNTFs. Note the reduction 

in surface defects and surface and volume porosity. 

 

Although morphological improvements were noted, the directly measured 

electrical resistance of these twisted fibers tended to increase as the twisting number 

increased, while the amount of defects and porosity decreased. The densification procedure 

was seen to produce almost ideal, circular cross-section shaped fibers with smaller 

diameters. Counterintuitively, this was due to the cross-sectional area which resulted in a 

lower calculated resistivity. 

When considering the changes brought about using this technique, and the fact that 

defects decreased while measured resistance values increased, the changes and their effects 

on electrical performance were not straightforward. Combined with the fact that the 

technological process involved was intensive and not scalable, the process and changes 

were deemed unfavorable. Further, when the microstructure is analyzed, it can be seen that 
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the surface porosity of the fibers and the canyon like areas decreases, which would result 

in a theoretically lower surface area for contact with the carbon nanotubes within the nano-

reinforced matrix system. These factors led to the twisting of fibers not being investigated 

further for nano-reinforced matrix system embedding.  

CNT bulk density alteration was also investigated for the same purpose. 

Surprisingly, the microstructure of SWNCTs of different bulk density powders in SEM and 

TEM images do not indicate considerable changes, as seen in Figure 10 and 11. Slight 

differences can be noticed at the lowest magnification where agglomerates of several 

hundred microns are present in pristine and high density SWCNTs while RESS SWCNTs 

possess a rather fibrous structure. Nonetheless, at higher magnifications where SWCNT 

bundles are already distinguishable, no significant changes in morphology after both the 

RESS and compression pre-processing procedures were noted. In each case, SWCNT 

bundles form an entangled network with apparently equal density. TEM images, usually 

used for bundling degree estimation [108], do not demonstrate noticeable differences 

between nanotubes of different types as well. Thick bundles of 10–20 nm (corresponding 

to 5–15 nanotubes per bundle) are characteristic to each SWCNT types. Thus, electron 

microscopy of the powders did not indicate crucial differences in the SWCNTs of different 

bulk densities. This allowed understanding that the masterbatches used for nanocomposite 

fabrication would perform the same as other CNT types, allowing the results of the 

microstructural and electrical investigation to be universally applicable. 
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Figure 10: SEM images of the SWCNT powders of different types: (a) briquette, (b) pristine, (c) 

RESS at 250x. The sample samples are examined at (d-f) 10,000x and (g-i) 100,000x, respectively. 

 

 
Figure 11: TEM images of the SWCNTs of different types: (a) briquette, (b) pristine, (c) RESS. 

 

SEM analysis was conducted on the fracture surfaces of the nanocomposites at 

weight concentrations of 0.005, 0.05, 0.25 and 1.0 wt. % to ascertain differences in 

dispersion degree and microstructure caused by differences in densities, which could lead 

to a difference in electrical and piezoresistive properties. These percentages were chosen 

to allow for visible differences in microstructural development. At the lowest concentration 
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of 0.005 wt. %, the microstructure of the masterbatch-based nanocomposites is 

indistinguishable from the other three types. Agglomerates for all types resembled bundles 

or groups of bundles of SWCNTs, widely spaced between large swathes of plain epoxy. At 

a higher magnification, masterbatch based samples showed a microstructure with groups 

of bundles interconnected in regions of high CNT concentration and is known to be caused 

by regions of high viscosity during the fabrication process and may be the result of 

variances during the manufacturing procedure [44,109,110]. With higher SWCNT 

loadings, the composites show the formation of an interconnected nanotube system with 

only minor discrepancies in morphology between consolidation degrees. SEM images 

showing these findings have been compiled in Figures 12-15. 
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Figure 12: SEM images for 0.005 wt. % (10,000x) for (a) briquette, (b) masterbatch, (c) pristine and 

(d) RESS SWCNT nanocomposites; (b,d,f,h) SEM images of the same nanocomposites taken at 

higher magnification, respectively (100,000x) 
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Figure 13: SEM images of Briquettes (A,B), Masterbatch (C,D), Pristine (E,F) and RESS (G,H) 

nanocomposites at 0.05% wt. Images A,C,E and G are taken at 10,000x while images B,D,F and H 

are taken at 100,000x 
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Figure 14: SEM images of Briquettes (A,B), Masterbatch (C,D), Pristine (E,F) and RESS (G,H) 

nanocomposites at 0.25% wt. Images A,C,E and G are taken at 10,000x while images B,D,F and H 

are taken at 100,000x 
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Figure 15: SEM images for 1.0 wt. % (10,000x) for (a) briquette, (b) masterbatch, (c) pristine and (d) 

RESS SWCNT nanocomposites; (e-h) SEM images of the same nanocomposites taken at higher 

magnification (100,000x) 
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At 0.05 wt.%., the nanocomposites again show very similar microstructures. All 

nanocomposites show the presence of CNTs in specific areas in the form of large 

agglomerates or matted bundled structures, typical for CNT based nanocomposites and 

attributed to a high concentration of CNTs within the matrix in specific regions. At 0.25 

wt.%, the differences between microstructures are again practically indistinguishable. The 

higher weight percentage has led to a more dense, interconnected microstructure in 

comparison to the lower weight percentages for all nanocomposite types. At the highest 

weight percentage of 1.0 wt. %, the microstructure is again seen to be indistinguishable 

between nanocomposite types and almost no pristine epoxy matrix is seen whatsoever in 

any of the samples. For all the samples, agglomerates have taken the form of dense bundles 

with a matted structure within the epoxy.  

Summarizing, we may conclude that the masterbatch-based samples show the 

typical morphological behavior of SWCNT/epoxy nanocomposites, with weaker 

percolation networks being seen at lower weight percentages. As the concentration of 

SWCNTs within the matrix increases, the percolation network moves towards a higher 

degree of interconnectivity and percolation. The samples showed a bundle-based 

microstructure and any large agglomerates were seen to be groups of CNT bundles. This 

is quite different from a typical observation for nanocomposites with multi-walled CNTs, 

where agglomerates are extremely densely packed, spherical or ellipsoidal in shape with 

little or no bundles or branching [3,111].  Hence, it was proven that further experimentation 

relying on masterbatch-based nanocomposites would represent a spectrum of CNT 
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nanocomposites, and that microstructurally, the results would be applicable across the 

board. 

The electrical conductivity of the nanocomposites produced from different density 

states of CNT powder was also examined to see if the lack of microstructural differences 

translated into the same trend for multifunctional properties. This allowed certification of 

usage of masterbatches for nanocomposite production from a multifunctional property 

monitoring standpoint. 

Analysis of the DC electrical behavior of the nanocomposites revealed no 

significant deviations in conductivity with SWCNT concentration, regardless of the 

consolidation degree of starting SWCNTs, as can be seen from Figure 16. The only visible 

difference in the electrical conductivity values are expectedly found for the lowest weight 

concentration of 0.005 wt.%, where briquette-based samples perform slightly lower than 

comparative types (within one order of magnitude of ~ 10-6 S/cm, nonetheless). 

Nanocomposites manufactured with low amounts of additives are known to produce 

properties with relatively high variations [112,113] owing to statistical deviations or minor 

differences caused by processing variables.  
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Figure 16: Electrical conductivity of the nanocomposites made from different bulk density CNTs. 

The masterbatch nanocomposites perform with no significant difference 

 

At the higher weight percentages studied (0.25 – 2.0 wt.%), all nanocomposites 

show electrical performance in the same magnitude range as comparative alternatives. This 

is also in agreement with the SEM previously stated. The general high conductivity of the 

nanocomposites from all the series is also worth noting since SWCNT/epoxy 

nanocomposites fabricated by the presented route possess electrical conductivities of 0.3 – 

0.67 S/cm at 2.0 wt.%, which is comparable to the values provided by large manufacturers 

of nanocomposite masterbatches [101,114].  

Thus, from a detailed microstructural and electrical analysis of the performance of 

various densities of CNTs, it was noted that the masterbatches perform on par with all 

alternatives. This confirmed that further experimentation for monitoring the 

multifunctional nanocomposites could be made using nanocomposites produced from 

masterbatches. Although this experimentation resulted in a CNT bulk form which had its 
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own advantages for nanocomposite manufacturing, the multifunctional performance was 

essentially the same as masterbatch-based nanocomposites. 

4.2 Embedded electrodes and multifunctional property monitoring 

As the CNTFs used in this study were being tested for their feasibility as embedded 

electrodes for the monitoring of multifunctional properties both during manufacturing and 

post-manufacturing, a single step inclusion approach was used. CNTFs were placed in the 

gauge length of the nanocomposite samples with an equidistant spacing to allow for 2- or 

4-point electrical measurements during the manufacturing stage. Continuous electrical 

measurement of the samples was conducted during the nanocomposite molding process, 

with measurements being started a few minutes before the matrix transfer and running for 

24 hours until the polymer mixture was cured at room temperature. The CNTFs were not 

removed from the samples once curing had completed and were used as electrical 

connections for multifunctional property measurements during the post-manufacturing 

stage. Two types of nanocomposites were manufactured where the CNTFs were embedded, 

one based on SWCNTs and the second on MWCNTs. For both, two concentrations of 

CNTs were used (0.25% and 0.75% mass fraction) to determine the sensitivity of the 

CNTFs to the multifunctional properties and CNT concentration.  

Selection of the weight percentages for study were based on several factors. 

Previous investigations conducted showed that weight percentages for MWCNT 

nanocomposites resulted in extremely low values of electrical conductivity below 0.5% by 

weight [115,116] . This provided the opportunity for investigating CNTF sensitivity to 

nanocomposites with low electrical conductivity, percolation networks consisting of 
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MWCNTs and their properties, and the nanocomposite viscosity values within processing 

limits of the techniques employed in this work. For SWCNTs, the same weight percentage 

values were chosen to provide a direct comparison, determine sensitivity of the CNTFs to 

stronger percolation networks with a higher degree of functional properties and also 

because the viscosity of the nanocomposite mixtures at this weight percentage were within 

the operating limits of the equipment employed. Values close to percolation were not 

chosen for study since the interaction of the materials was unknown and the detection 

sensitivity of the CNTFs could not be accurately predicted or compared. Figure 17 shows 

the scheme of the experimental scheme. 

Hence, this section deals with the various steps of the core work of the thesis. The 

work was broken into segments which dealt with (1) the manufacturing of CNTFs, (2) 

embedded the CNTFs into the nanocomposites and monitoring the manufacturing process 

and (3) monitoring the manufactured nanocomposites with embedded electrodes and 

determining the property detection performance while understanding the effects the 

electrodes played mechanically.  
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Figure 17: The combined (a) manufacturing and (b) post manufacturing property monitoring of the 

nanocomposites using embedded and surface electrodes. 

 

4.3 Carbon nanotube fibers 

The CNTFs produced for this thesis were wet-pulled from two initial thin film 

dimensions to ascertain the changes in structure and properties that may be brought about 

and utilized for the detection of the multifunctional properties of the CNT nanocomposites. 

Before being used as embedded electrodes, it was imperative that a feasible initial starting 

width of the film be chosen. The first thin film set was made with the dimensions of 3 cm 

length and 0.5 cm width while the second dimensions set was 3 cm in length and 1.0 cm in 

width. Once wet pulling was conducted and fibers were produced, they were placed on a 

glass slide so that their dimensions could be ascertained from optical microscopy. In order 

to measure the CNTF diameter, an optical microscope (DM4500, Leica GmbH, Germany) 

was employed. For diameter measurements needed for density calculations, at least 6 

measurements were made in each of the 5 segments of each fiber. 

Once placed on the glass slides for characterization, a Silver paste (Ted Pella Inc., 

USA) was applied to provide low resistance contacts between fibers and electrodes during 



55 

  

resistance measurements. Electrical resistance measurements were conducted using the 

two-point method with a Keysight 34972A DMM (Keysight Technologies, Inc. USA). 

Four-point measurements were initially made and showed no significant variation when 

compared to the values obtained with the two-point method. Silver-based paste was applied 

at the contacts between the machine and CNTFs to ensure good electrical contacts during 

measurements. The conductivity of a fiber, 𝜎, was determined by its electrical resistance, 

𝑅, and its dimensions (length, 𝐿, and diameter, 𝐷): 

𝜎 =
4𝐿

𝜋𝐷2𝑅
.            (2) 

The results of the diameter relationship to electrical conductivity have been 

compiled in Figure 18 (a), and (b) displays a SEM visualization of a CNTF. The CNTFs 

were produced with films of two different widths in order to create fibers with a noticeable 

diameter difference to help ascertain if this parameter affected sensing performance and 

which diameter of CNTF to choose for further investigation. As the results show, the 

thinner width of film resulted in CNTFs with a smaller diameter and higher conductivity 

and that a substantial difference in diameter was present comparing to CNTFs created from 

the wider films. This is already reported on, with films of smaller widths being more 

efficiently converted into fibers with a higher packing density, leading to greater electrical 

conductivity [7,85]. The values are in good correlation (103-104 S/m) with previous works 

showing the diameter and electrical conductivity of CNTFs produced through the wet-

pulling technique [7,83], and were therefore suitable for investigating as embeddable 

electrodes. For embedding and functional property detection of the nanocomposites, 

electrodes were paired depending on the diameter and conductivity shown (i.e., for 4-point 
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measurements, 4 similar electrodes were chosen per sample and for 2-point measurements, 

2 similar electrodes were chosen). Both diameter sets were investigated to determine 

manufacturing parameter monitoring performance. 

 

Figure 18: (a) The distribution of diameter and electrical conductivity of the CNTFs and (b) a SEM 

image of a CNTF. 

 

SEM imagery conducted during this phase of the thesis, and previously confirm 

that the wet-pulled fibers have a porous structure, which is conducive to the intended 

application of embedded electrodes. The porous structure is more conducive to allowing 

CNT reinforced polymer to seep into the fiber via infiltration [95,96], allowing a strong 

wetting degree and connection with the carbon nanotubes in the matrix which form the 

percolation network. In comparison to metallic electrodes which have a smooth surface 

and surface oxide layer, this type of electrode is better suited for low contact resistance 

readings which allows the actual electrical conductivity and piezoresistive response of the 

materials they are embedded in to be measured. 
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4.4 Manufacturing parameter monitoring 

To determine whether the CNTFs were feasible for monitoring the multifunctional 

properties of the CNT thermoset nanocomposites during the manufacturing stage, both 2- 

and 4-point electrical measurements were made during the manufacturing process. First, 

2-point measurements were conducted with fibers produced from both widths of thin films 

(0.5 and 1 cm). This allowed the determination of whether the diameter of the fibers 

resulted in any differences in measurements and whether the CNTFs were sensitive to 

SWCNTs and MWCNTs in different concentrations. The two types of fillers were used at 

two weight percentages of 0.25 and 0.75% wt. The electrical monitoring results were then 

compared to 4-point measurements to determine if contact resistance was present and how 

it manifests in electrical readings. The measurements made using CNTFs were compared 

to metallic embedded electrodes to compare performance, silver glue was not used during 

the manufacturing stage measurements due to the fact that the base of the glue is a polymer 

and may result in material-based deviation in electrical measurements. In addition, the 

usage of silver glue as embedded electrodes would not be feasible on an industrial scale 

and would be impractical for a one-step embedding process since the contacts would be 

inaccessible after matrix coverage. Figures 19 and 20 compile the manufacturing stage 

resistance curves obtained from 2-point measurements made with different diameter 

CNTFs for the nanocomposite matrices.  
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Figure 19: 2-point electrical measurements for the MWCNT nanocomposite matrices with (a, c) 0.5 

cm and (b, d) 1.0 cm film fibers 
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Figure 20: 2-point electrical measurements for the SWCNT nanocomposite matrices with (a, c) 0.5 

cm and (b, d) 1.0 cm film fibers 

 

The manufacturing stage monitoring of the nanocomposite matrices with the 2-

point technique has shown quite remarkable features. First to note is that regardless of the 

diameter of the CNTFs used for monitoring (difference in diameter is related to the width 

of the film used for manufacturing, as shown in Figure 18), the measured electrical 

resistance values are almost identical for the same type of nanocomposite mixture as can 

be seen in Figures 19 and 20. This is shown to be true when measuring both SWCNT and 

MWCNT nanocomposite mixtures at both weight percentages. Minor differences in the 

measured values are related to the fact that each experiment required a separate batch of 
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nanocomposite mixture to be produced, resulting in variations in their inherent electrical 

properties. These minor differences in batch production have already been shown to present 

with the materials under study [3,28]. By comparing the performance of measuring 

electrical resistance throughout the curing process, it can be seen that the CNTF diameters 

provide what can considered to be negligible difference for both SWCNT and MWCNT 

mixtures, regardless of the concentration. The reason behind this property is further 

explored in the microstructure and mechanism section. 

When comparing to the embedded metallic electrodes, the lack of contact 

resistance, displayed in the form of electrical noise, is also apparent for all nanocomposite 

mixtures and fiber types. For the metallic electrodes, readings experience noise up to 0.5 

magnitude of the resistance values measured, while the measurements made using CNTF 

electrodes do not show such behavior. During the curing process, the electrical resistance 

shows a slight tendency to increase with time for both the metallic and CNTF electrodes 

and this behavior is attributed to the increase in resistance experienced by CNT-thermoset 

nanocomposite systems during the process of curing [68,115]. In short, in the 2-point 

measurement scheme, the CNTF embedded electrodes provide a more stable, reliable and 

noise-free electrical measurement of the nanocomposite mixtures, regardless of the 

diameter, concentration of CNTs in the nanocomposite as well as type of CNT additive 

used. 

Here, it is also noted that in all cases with the 2-point scheme, the resistance value 

measured during manufacturing monitoring is 1-2 orders of magnitude smaller than the 

values obtained by using embedded metallic electrodes. The CNTFs are seen to be less 
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susceptible to contact resistance when measuring electrical properties attributed to the 

percolation network of the nanocomposite matrix, regardless of whether SWCNT or 

MWCNTs have been used. Also, the electrical measurements and lower noise not seen to 

be affected by the concentration of CNTs, making the fibers an ideal low-noise candidate 

for measuring the filtration effect that may take place when nanocomposite matrices are 

used to create fiber reinforced nanocomposites, as stated previously. 

To investigate whether 4-point measurements differed from the 2-point, the same 

experimentation was repeated with the 4-point technique. Since the initial experimentation 

showed that the diameter of the embedded CNTFs did not affect functional property 

measurement, only fibers produced from thin films with a width of 0.5 cm were 

investigated. The measurements have been compiled in Figure 21.  



62 

  

 
Figure 21: 4-point electrical measurements for the nanocomposite matrices with (a, c) MWCNTS and 

(b, d) SWCNTs 

 

Comparing with the 2-point measurements made earlier, the difference in results is 

apparent. The noise displayed during the 2-point measurements has been almost 

completely eliminated for the metallic embedded electrodes for all nanocomposite batches, 

while no change in behavior or noise level is detected for the CNTF embedded electrodes. 

This further confirms that the CNTF-based electrodes provide a better electrical connection 

to the multifunctional nanocomposite matrices for measuring electrical properties. The 

metallic electrodes consistently show a value which is 1 order of magnitude smaller than 

the values for 2-point measurements, indicating that this technique has managed to 



63 

  

eliminate electrical noise as well as magnitudinal contact resistance. The CNTF embedded 

electrodes however, show a strong match to the magnitude values previously seen, 

indicating that no contact resistance, either in the form of noise or the form of higher 

resistance values, is present for these electrodes. Variance in detected values can be seen, 

but it is relatively insignificant and is attributed to batch to batch processing variance. 

Hence, the electrical testing and manufacturing monitoring proved that CNTF-

based electrodes are less susceptible to contact resistance as compared to metallic 

electrodes regardless of measurement technique. Since contact resistance is shown to be 

negligible, the CNTFs seem to display a better interaction with the conductive nano-

particles in the nanocomposite matrices. The CNTFs have also shown themselves to be 

able to detect electrical properties developed in the nanocomposites due to the CNTs. They 

provide different electrical measurements to different concentrations of the CNTs, showing 

that they have the potential to be used for CNT filtration detection in nanocomposite 

materials. The measurements they provide are comparatively more reliable and stable. The 

reason behind these enhanced properties is further explained in the microstructural section. 

Besides confirming the advantages listed above, the results have shown that the CNTFs are 

more versatile than embedded metallic electrodes. The CNTF-based electrodes show a 

consistent reading of electrical values whether the 2 or 4-point measurement scheme is 

utilized. This is extremely important as it reduces the amount of electrical connections and 

electrodes needed to monitor a material by exactly half, giving the benefits of ease of 

installation, reliability and reduced areas of inhomogeneity where embedded electrodes 

may cause mechanical property loss. The consistency of electrical readings allows the 
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CNTF-based electrodes to be used in either 2-point or 4-point measurement schemes 

without the loss of sensitivity or performance. 

4.5 Post-manufacturing parameter monitoring 

As the aim of this work was to determine whether CNTFs are a suitable future 

alternative for the one-step inclusion and monitoring of functional properties of CNT 

nanocomposites, the post-manufacturing monitoring consisted of measuring the electrical 

resistivity and piezoresistive response through the embedded CNTFs. The electrical and 

piezoresistive measurements were compared to those obtained by metallic embedded 

electrodes as well as the standard method of creating electrical contacts through applied 

silver-based glue. Piezoresistive measurements were made both during uniaxial tensile 

strain as well as uniaxial cyclic testing for measuring the reliability of performance. 

4.5.1 Electrical resistivity measurements  

As electrical resistivity or conductivity is one of the main areas where CNT 

multifunctional nanocomposites are at the forefront and attract a large amount of industrial 

and research attention [58,59], this was the first property tested in the post-manufacturing 

stage with CNTFs. Electrical characterization of the nanocomposites was carried using the 

DC based technique and is shown in Figure 22. DC resistance measurements were 

conducted using a Keysight 34410A digital multimeter. Resistance measurements were 

used to calculate the conductivity of the samples using the following equation, where 𝑅 is 

the resistance of the sample, 𝜎 is the calculated conductivity, 𝐿 is the length between 

electrodes and 𝐴 is the cross-sectional area (equal to the product of the sample thickness 

and width, 𝐻 ∙ 𝑊, respectively): 
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                                                      𝜎 =  
𝐿

𝑅∙𝐴
=  

𝐿

𝑅∙𝑊∙𝐻
                                               (3) 

 

 
Figure 22: Electrical resistivity measured using the different electrodes and schemes for (a, b) 

MWCNT and (c, d) SWCNT nanocomposites. 

 

As can be seen from the figure, it is worth noting that the nanocomposites produced 

and tested with the silver-based glue, which acted as the benchmark and standard test 

method for electrode performance as it has been used in various publications 

[29,48,54,116], show electrical resistivity values aligned with those seen in literature. The 

values obtained from these electrodes also show a batch to batch variance, which was also 

noted and explained in the manufacturing monitoring section. For the SWCNT 
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nanocomposites measured using silver standard electrodes, the resistivity values for 0.25 

% and 0.75 % by weight are in the range of ~103 and ~102 Ohm∙cm respectively, which 

matches literature values for the stated processing route [6]. For the same weight 

percentages, the MWCNT nanocomposites show electrical resistivities of ~106 and ~103 

Ohm∙cm respectively, which also coincide or are better than what is seen in literature 

[3,60]. This shows that the nanocomposites being tested with the novel CNTF electrodes 

represent samples whose performance is known and comparable, and are thus suitable for 

examining the detection capability of the CNTF electrodes.  

The trend of showing lower resistance and thus lower resistivity values for both 

SWCNT and MWCNT nanocomposites by the CNTF electrodes has continued even after 

sample production, regardless of the use of 2- or 4-point measurement schemes. Compared 

to the metallic electrodes used, the CNTFs show a 1-2 orders of magnitude value smaller 

for all nanocomposite weight percentages tested for both schemes. This is also seen to be 

the case when larger diameter CNTFs are used, further cementing earlier conclusions that 

the CNTFs display negligible contact resistance when used to measure the multifunctional 

nanocomposite matrices. When compared with the silver standard electrodes, the resistivity 

values detected by the CNTF electrodes show no significant difference for any of the 

batches. This shows that the CNTFs are making a stronger electrical contact with the 

percolation network of the nanocomposites as compared to embedded metallic electrodes, 

whereas their performance matches that of a standard electrode material. Here, the CNTFs 

show that not only do they have the advantage of being able to be embedded in the 

nanocomposites during production and then used for lifecycle measurements, but also 
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provide the added benefits of reduced cost, detection performance matching that of a 

commonly used standard material as well as a simpler application route. 

4.5.2 Tensile piezoresistive response and properties 

One of the main multifunctional properties exhibited by CNT-thermoset 

nanocomposites is that of piezoresistive response, which has made the material a prime 

candidate for smart materials and structural health monitoring. Since the CNTFs in this 

study are being evaluated for usage as embedded electrodes, it was necessary to determine 

whether they caused any mechanical property loss when combined with the 

nanocomposites for monitoring. Tensile testing was conducted using the parameters 

previously described, and simultaneous electrical measurements were taken to establish 

any difference in piezoresistive response which may have been caused by electrode types 

as well as determining the feasibility of the CNTFs to detect functional property changes. 

Figure 23 displays the piezoresistive response of the nanocomposites with different 

electrodes. The tensile testing curves have been compiled in Figure 24. Table 3 compiles 

the information obtained from the tensile mechanical tests. 
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Figure 23: Piezoresistive curves for the nanocomposites measured using different electrode systems. 

(a) and (b) show MWCNT, while (c) and (d) show SWCNT nanocomposites at 0.25% and 0.75% wt., 

respectively 
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Figure 24: Tensile testing curves for the various electrode systems for (a) pure epoxy and embedded 

electrodes, (b, c) MWCNT and (d, e) SWCNT nanocomposites. 
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Table 3: Material and electrode type piezoresistive performance and mechanical properties 

Materials and 

electrode types 

Ultimate tensile 

strength (MPa) 

Average Gauge 

factor 

Young’s 

modulus (GPa) 

Poisson Ration 

Epoxy 71.8 ± 1.3 - 3.15 ± 0.97 0.33 ± 0.02 

Epoxy + CNTF 72.3 ± 2.1 - 3.37 ± 0.15 0.36 ± 0.01 

Epoxy + metallic 59.6 ± 3.2 - 3.59 ± 0.19 0.34 ± 0.02 

0.25% MWCNT + 

silver glue 

68.2 ± 0.5 11.6 ± 0.8 3.18 ± 0.03 0.39 ± 0.01 

0.25% MWCNT + 

CNTF 

61.5 ± 6.2 12.5 ± 0.4 2.93 ± 0.28 0.40 ± 0.01 

0.25% MWCNT + 

metallic 

52.3 ± 6.8 17.1 ± 2.7 3.07 ± 0.26 0.40 ± 0.02 

0.75% MWCNT + 

silver glue 

59.8 ± 0.5 6.6 ± 0.5 2.89 ± 0.15 0.39 ± 0.01 

0.75% MWCNT + 

CNTF 

60.7 ± 1.1 6.4 ± 1.2 3.13 ± 0.35 0.41 ± 0.03 

0.75% MWCNT + 

metallic 

47.4 ± 2.2 8.8 ± 1.5 2.60 ± 0.43 0.41 ± 0.01 
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0.25% SWCNT + 

silver glue 

22.3 ± 0.3 4.3 ± 0.7 0.44 ± 0.04 0.43 ± 0.05 

0.25% SWCNT + 

CNTF 

22.6 ± 3.8 5.8 ± 1.3 0.36 ± 0.05 0.41 ± 0.02 

0.25% SWCNT + 

metallic 

9.6 ± 2.7 6.9 ± 0.7 0.46 ± 0.09 0.42 ± 0.01 

0.75% SWCNT + 

silver glue 

2.5 ± 0.3 3.1 ± 0.3 0.03 ± 0.01 0.44 ± 0.04 

0.75% SWCNT + 

CNTF 

2.2 ± 0.3 2.9 ± 1.7 0.03 ± 0.01 0.44 ± 0.02 

0.75% SWCNT + 

metallic 

1.6 ± 0.4 3.7 ± 0.6 0.03 ± 0.01 0.45 ± 0.01 

 

To understand the performance of the electrode systems in terms of piezoresistive 

monitoring performance, one must take a look at the base material mechanical 

characteristics. For all nanocomposite samples, it was seen that the addition of CNTs 

results in a change in mechanical properties mechanical properties. The SWCNTs were 

seen to deteriorate mechanical properties severely, in both the elastic and plastic range, 

while the MWCNTs were only seen to lower plastic range performance in terms of UTS. 

This is portrayed by the decrease in UTS, Young’s modulus and the increase in the Poisson 
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ratio, leading to the conclusion that the nanocomposites tend towards a plastic or 

viscoelastic response as the addition of CNTs in the polymer increases. This has been well 

reported, with the mechanism of property loss being based on the interference of CNTs in 

the polymerization reaction and eventual decrease in overall curing degree [68,115,117]. 

What is important to note here is that each batch of material and electrodes has shown 

similar Young’s modulus and Poisson ratio, meaning that the base material behavior is 

essentially the same and a significant difference in UTS may be attributed to the inclusion 

of electrodes. 

The initial difference in UTS in evident from testing with plain epoxy, with the 

metallic embedded electrodes showing a ~17% loss. The CNTF embedded electrodes 

however, showed no significant difference in UTS values. For the nanocomposite with 

0.25% wt. MWCNT addition, the metallic embedded electrodes showed a UTS value 

which was ~24% lower than that of the samples with surface applied electrodes and a 

piezoresistive gauge factor of 17, which was ~55% higher than its counterparts. The higher 

gauge factor is not surprising, since during the electrical testing it was shown that the 

metallic embedded electrodes show a consistently higher resistivity value due to the 

presence of contact resistance. In comparison, the samples containing CNTF electrodes 

show a UTS and gauge factor which is almost the same as the samples which contain no 

embedded electrode system, making their performance almost identical to that of a 

commonly used standard material. For nanocomposites with 0.75% wt. MWCNTs, the 

CNTF electrode containing samples show no significant changes to UTS or gauge factor, 

whereas the metallic electrodes maintain a slightly overestimated gauge factor and a ~21% 
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loss in UTS. For the MWCNT nanocomposites, at both weight percentages, the CNTF 

electrode system showed a performance almost identical to that of the surface applied silver 

standard electrodes, but surprisingly showed no loss in tensile mechanical properties. 

Nanocomposites manufactured with SWCNTs on the other hand, showed severe 

mechanical property degradation, even at the smaller wt.% in this study. The property loss 

is again attributed to changes in polymerization, as cited previously. However, this 

provided the opportunity to study the CNTF electrodes with a material which is relatively 

highly conductive as well as shows highly plastic or viscoelastic behavior. Nanocomposites 

batches manufactured with 0.25% SWCNTs showed the same trend as seen with 

MWCNTs, where the CNTF electrodes caused no significant changes in piezoresistive 

strain detection or UTS. The samples incorporating embedded metallic electrodes however, 

showed slightly higher gauge factors combined with a ~60% loss in UTS performance. The 

nanocomposites created with 0.75% wt. SWCNT loading narrowed the piezoresistive 

detection difference, with the metallic electrodes performing no different than the CNTF 

and silver glue-based samples when variance is taken into account. However, they did show 

a 37% decrease in UTS. For nanocomposites with SWCNTs, the electrical resistivity 

values are extremely low, and when considering the order of magnitude of difference seen, 

may be the reason why a large difference in gauge factors is not present as compared to 

nanocomposites containing MWCNTs. 

During this stage of testing, the feasibility of CNTFs as embedded electrodes for 

sensing of multifunctional nanocomposite properties during strain was verified. The 

CNTFs caused no discernable property loss, performed on par with standard electrode 
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materials and provided no overestimated piezoresistive response. Although metallic 

embedded electrodes seem to be suitable for piezoresistive monitoring of relatively 

conductive nanocomposites, their negative influence on mechanical properties cannot be 

overlooked. It is fundamental to note that during this testing, all samples containing 

metallic embedded electrodes failed at the location of the embedded electrodes, often 

following the electrode path. This was not the case for embedded CNTFs or surface applied 

electrodes. This is further discussed in the microstructural and mechanism section and the 

example images of these failures are provided in Figure 25. 

Figure 25: Samples showing fracture path along metallic embedded electrodes for (a) pure thermoset 

polymer, (b) MWCNT and (C) SWCNT samples. 

 

An additional interesting find was that during testing, although samples with 

metallic embedded electrodes provided regions of inhomogeneity which were conducive 

to sample fracture and failure, the surface applied silver electrodes would detach upon the 

extreme shock force experienced by the materials during breakage. Single frames from 

DIC are shown Figure 26 showing this taking place. Although the surface applied silver-

glue is suitable for static material measurement, this work shows that they may not be 
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suitable for applications where the force experienced by the nanocomposite matrices is 

greater than the bonding strength of certain adhesives, limiting their usage in large-scale 

real-world scenarios, unlike the CNTF-based electrodes. 

 
Figure 26: DIC frames showing (a) detaching of silver-glue electrodes during fracture, (b) fracture 

taking place along metallic embedded electrode and (c) CNTF electrodes outside fracture region. 

Digital extensometers may be ignored. 

 

4.5.3 Cyclic piezoresistive response and properties 

Cyclic testing of the nanocomposites was conducted to determine whether any 

electrode-based drift was present in the sensing of piezoresistive response. Cyclic testing 

also allowed the determination of whether any of the electrode types may cause failure of 

the samples under alternating loads, representing real world usage of the materials and how 

embedded electrodes may affect sensing performance. Sample cyclic responses have been 

shown in Figure 27 and 28.  
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Figure 27: Cyclic response curves for the various electrodes for MWCNT nanocomposites 
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Figure 28: Cyclic response curves for the various electrodes for MWCNT nanocomposites 
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The cyclic response of the nanocomposites showed results which corresponded to 

the trends seen during tensile testing. For nanocomposites made with 0.25% wt. MWCNTs, 

the CNTF electrodes show a similar response to that of the standard silver electrodes 

whereas the metallic embedded electrodes show a heightened response at a slightly lower 

applied force. The same is noted for the nanocomposites with 0.75% wt. MWCNTs, where 

on average, the response of the embedded metallic electrodes was higher in comparison to 

the samples with CNTFs and silver standard electrodes. The higher response of the metallic 

electrodes ties in with the microstructural analysis, showing that the poor interface between 

the nanocomposite matrix and electrodes causes a higher response due to contact and 

tunneling resistance. It should be noted that for both these weight percentages, the 

nanocomposites showed no major drift, highlighting that the base nanocomposite may be 

a reliable material for structural health monitoring. An additional finding of interest was 

that the samples which contained embedded metallic electrodes would fail at the site of the 

electrode placement. The same failure behavior was not seen for samples containing 

CNTFs or samples with standard silver contacts. Although the samples that contained 

embedded metallic electrodes failed at a lower number of cycles as compared to their 

counterparts, the number of cycles was not very significantly lower. Although the metallic 

electrodes may provide a heightened response and sensitivity, they provide a region for 

stress concentration and are conducive to failure, which is not the case with the embedded 

CNTFs. In addition, it is noted that the metallic electrodes provide a slightly slower cyclic 

response. This is most probably due to the development of plastic deformation in the form 

of microcracks which eliminate weak connection points, leaving stronger connections 
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which are less susceptible to deformation. The delayed response may also be due to the 

multimeter taking additional time to adjust and provide a stable current for 4-point 

measurements when these deformations occur. 

The SWCNT nanocomposites, showing electrical resistivity values which differ by 

only 1 order of magnitude between their weight percentages, showed similar and subdued 

responses. Given the low testing force based on the UTS displayed and the shift to more 

viscoelastic properties of the matrix, all samples for both weight percentages completed 1 

million cycles without failure. To allow for visualization, a segment of their responses have 

been shown in Figure 27. For the samples created with 0.25% SWCNTs, the responses of 

the different electrode systems become similar, with the embedded metallic electrodes 

showing a slightly higher response. This is not unexpected as the higher the conductivity 

achieved in nanocomposites, the lower the overall piezoresistive response becomes 

[116,118]. As the weight percentage of SWCNTs is increased to 0.75%, a very slow cyclic 

response is noted from all materials, with the degree of sensitivity almost the same. 

Considering the microstructure seen in the SEM analysis, the response from these 

nanocomposites is not surprising, given that the percolation network formed in the 

nanocomposites is extremely dense, with a large number of interconnections between the 

SWCNTs due to the high aspect ratio, a high dispersion degree and relatively large weight 

percentage. Again, no major drift was seen in any of the samples from the different 

electrode types, showing that the base material was being measured in a similar way by all 

electrodes. 
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The cyclic testing allowed some important conclusions to be made regarding the 

usage of the CNTF electrodes. First, it showed that for nanocomposites made with either 

MWCNTs or SWCNTs, the CNTF are able to pick up cyclic electrical changes similar to 

silver standard electrodes, meaning that the measurements made are reliable and 

comparable to utilized standard techniques. Secondly, the same trend of similarity is shown 

by the CNTFs at both high and low forces of testing, for both relatively stiff 

nanocomposites as well as for viscoelastic nanocomposites. This makes the CNTFs as 

versatile as existing embedded and surface applied electrode systems, without the 

drawback of mechanical property loss. Thirdly, the CNTFs have been shown to register 

electrical changes in nanocomposites which are relatively highly conductive or are on the 

border of what is considered to be electrically insulative, making them extremely versatile 

and tailorable for a number of nanocomposites and applications. Last but not least, these 

findings combined with the fact that they can be embedded during the manufacturing 

process and can provide information regarding the uniaxial tensile mechanical loading 

which does not affect the nanocomposite matrix in any measurable way give the CNTF 

embedded electrodes an advantage over contemporary measurement systems. 

 

4.5.4 Microstructural analysis and mechanism of working 

As seen from the manufacturing and post-manufacturing monitoring results, the 

CNTF electrodes display properties similar to that of standard surface applied electrode 

systems without the drawbacks of conventional embedded metallic electrodes. To 

understand if the performance is rooted in the microstructure and interaction of the different 



81 

  

materials in the hierarchical nanocomposite, optical imagery and SEM analysis was 

conducted.  

Initial optical imagery showed that the CNTFs displayed an internal infiltration of 

the nanocomposite matrices into the fiber. Figure 29 shows how when a droplet of 

nanocomposite matrix is placed on a CNTF, the matrix infiltrates the fiber through its 

surface porosity and dented irregular surface paths at places. The irregular surface provides 

paths within the diameter of the fiber for the flow of the nanocomposite matrix, allowing 

an enhanced interaction between the CNTs of both materials. It was noted during initial 

testing that the fibers were completely wetted by the matrix (both SWCNT and MWCNT) 

in areas where the nanocomposite matrix was placed and also that in regions along where 

the infiltration of the droplet was present, the fibers obtained a stiffness without any matrix 

present on the surface. In comparison, the metallic embedded electrodes did not show a 

similar affinity when examined with optical microscopy, but rather displayed regions of 

inhomogeneous connection with the matrices as well as regions of separation of matrix 

constituents. It is postulated that the porous nature of the CNTFs allows not only for 

enhanced interaction with the nanocomposite matrices, but through the infiltration effect, 

maintains a volume of CNTs at the interface through CNT (from the matrix) to CNT (in 

the fibers) affinity. This mechanism is what is most likely responsible for the lack of contact 

resistance seen during electrical testing, whereas the inhomogeneous connection of the 

metallic embedded electrode with the matrix contributes and is responsible for the 

measurable contact resistance.  
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Figure 29: Optical images showing (a) the infiltration of the matrix along the irregular region of the 

fiber and (b) inhomogeneous regions of connection between the metallic embedded electrode and 

matrix. 

 

To examine these characteristics further, SEM was conducted on the fracture 

surfaces of the metallic embedded samples which were used in piezoresistive testing. Since 

samples with the embedded CNTF electrodes did not break at the point of insertion or 

length of the electrodes, samples were carefully cut using a handheld Dremel saw at the 

point of insertion. Samples prepared from surface applied silver electrodes were used as 

the baseline for microstructural comparison and images are provided Figure 30, while 

images of samples with embedded electrodes are provided in Figure 31 and 32. 
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Figure 30: SEM images of matrices with (a) 0.25% MWCNTs, (b) 0.75% MWCNTs, (c) 0.25% 

SWCNTs and (d) 0.75% SWCNTs. 
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Figure 31: SEM images of embedded metallic electrodes within nanocomposites with MWCNTs at 

(a) 2000X, (b) 20,000X and SWCNTs at (c)3000X and (d) 18000X. 
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Figure 32: SEM images of CNTFs embedded within nanocomposites with MWCNTs at (a) 500X, (b) 

10000X and SWCNTs at (c) 60000X and (d) 16000X. Yellow circles indicate CNT bridging from 

CNTs in the matrix. 

 

The SEM results elucidated on the interaction of the nanocomposite matrices with 

the embedded electrodes and confirmed that both the functional property measurements 

and measured piezoresistive response were highly influenced by the interfaces of the 

materials in the hierarchical nanocomposite. As seen in Figure 31, the embedded metallic 

electrodes display poor adhesion to both the MWCNT and SWCNT nanocomposite 

matrices, which contributed to them acting as mechanical failure promoting structures. The 

surfaces of the electrodes in the samples examined seem pristine, again indicating that 

regardless of the microcracks present in the electrodes, the adhesion between the materials 

was indeed poor, and thus fracture paths and delamination existed along the length of the 

electrodes. A careful inspection of the interface area shows the presence of CNTS at the 
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interface between the electrodes and matrices, but that no CNT bridging is taking place 

between the two, also indication a lack of strong contact between the CNTs in the 

nanocomposites and the electrodes. This is most likely the cause of the existence of the 

contact resistance and higher electrical values seen during the earlier phases of the study. 

In homogeneously dispersed nanocomposites where the CNTs form a highly electrically 

conductive percolation network surrounded by a strong dielectric material, as is the case in 

this study, the CNTs are considered to be solely responsible for the any electrical 

conductivity through ohmic contacts and the tunneling mechanism [40]. A lack of 

connection with this percolation network, especially when CNTs are often covered by the 

polymer making an insulating layer, results in an overestimation of both the electrical 

resistivity and piezoresistive response. 

The samples with CNTF embedded electrodes provided the most interesting 

microstructural properties, explaining why they caused no loss in mechanical properties 

and a multifunctional property measurement closer to what is seen for standard surface 

applied electrodes. As shown in Figure 32, the CNTFs are completely wetted by the 

nanocomposite matrices, with no clear boundary visible between the two materials, except 

the directional density of CNTs forming the CNTF. This indicated that not only is the 

infiltration mechanism seen in the optical microscopy correct and present, but that the 

surface of the CNTFs present a stronger adhesion to the nanocomposite matrices in 

comparison with metallic embedded electrodes due to their porous surface (additional 

images of surface porosity are provided in Figure 33). Furthermore, in both MWCNT and 

SWCNT samples, CNT concentration near the interface of the electrodes and matrices was 
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present and visible, with CNT bridging taking place between the CNTs of the matrices and 

the CNTF surface (highlighted with yellow circles). In Figure 32 (c), complete large 

bundles can be seen adhering to the CNTF at the interface. This points to the fact that the 

not only does the strong interfacial connection between the electrodes and CNTs in the 

matrices allow for no significant loss in mechanical properties, but that the percolation 

network of the nanocomposite matrices and the CNTFs interact. This interaction of the two 

is what allows the elimination of contact resistance seen during multifunctional property 

measurement and enables more accurate and precise measurement since they are able to 

reduce the tunneling distance caused by the thermoset polymer matrix and promote ohmic 

contacts. 
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Figure 33: SEM images showing (a) complete impregnation of CNTF with nanocomposite matrix, (b) 

CNT bridging between matrix and fiber, (c) impregnated surface of CNTF with matrix, (d) CNT 

bridging, (e) surface porosity of CNTF and (f) impregnated surface porosity with CNT bridging. 

 

Hence, the working mechanism and performance of the CNTF embedded 

electrodes can be explained by the enhanced microstructural interaction with the 

nanocomposite matrices. The infiltration of the nanomodified matrices into the internal 

diameter of the fibers through surface defects (as seen in Figures 32 and 33) along with 

surface infiltration through porosity allows for strong interfacial bonding and reduces areas 
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of inhomogeneity, causing no significant difference in nanocomposite mechanical 

performance. At the same time, this enhanced interaction allows a higher contact area and 

CNT bridging between the CNTs of the electrodes and the nanocomposites, which in turn 

causes the contact resistance between the materials to be insignificant, resulting in more 

accurate and precise measurements of multifunctional properties. 

 

. 
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Chapter 5. Conclusions and Future Outlook 

 

 This thesis examines the novel application of CNTFs made through the wet pulling 

technique. It reports on the first reported combination of CNTFs with CNT matrices, both 

SWCNTs and MWCNTs, for the purpose of multifunctional property measurement both 

during and after nanocomposite manufacturing with one-step integration. For this work, 

two multifunctional nanocomposite matrix types were created at two weight percentages 

(0.25% and 0.75%) and both were tested for their properties using (1) silver-based glue 

electrodes as the standard, (2) embedded metallic electrodes and (3) embedded CNTF 

electrodes.  

During the manufacturing stage, the CNTF electrodes showed sensitivity to the 

concentration of both types of CNTs, proving that they have the potential to be utilized for 

the detection of filtration effects and different concentrations of different CNTs within a 

nanocomposite matrix. The electrodes showed almost identical resistance readings with 

negligible variance regardless of whether 2- or 4-point measurements were made, 

providing the advantages of reducing the number of electrodes needed for monitoring, 

reducing chances for regions of inhomogeneity which may cause later mechanical failure 

and allowing an inexpensive material-based manufacturing monitoring solution. Electrical 

measurements for the nanocomposites were between 102-103 Ohm and 103-106 for 

SWCNTs and MWCNTs at 0.25% and 0.75%, respectively. Comparatively, metallic 

embedded electrodes have the disadvantage of high noise, presence of contact resistance 

and inconsistency between batches, with measured values 1-2 orders of magnitude higher. 

The contact resistance noticed during both 2- and 4- point measurements for the embedded 
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metallic electrodes is due to poor interfacial connections formed with the CNTs in the 

nanocomposite matrices. During the manufacturing stage, the inconsistencies in readings 

between batches seen for the metallic electrodes are associated with the same phenomenon, 

where the CNTs form different levels of connection with the electrodes. These connections 

cause the development of contact resistance during manufacturing while the polymer is 

undergoing curing and becoming more electrically insulative. As the polymer cures, 

tunneling distances are affected during the solidification of the polymer, and ohmic 

contacts are negatively affected as polymer chains density increases around the CNTs. 

The lifecycle monitoring also showed the CNTFs to be superior than alternatives. 

They showed electrical resistivity values with no significant difference (within sample to 

sample and batch to batch variance) when compared with the standard silver electrodes. 

Measured resistivity for the nanocomposites were between 102-103 Ohm∙cm and 103-106 

for SWCNTs and MWCNTs at 0.25% and 0.75%, respectively. Metallic electrodes again 

showed a 1-2 orders of magnitude larger measurement, with a generally higher variance. 

Tensile testing showed that samples incorporating CNTFs show a piezoresistive responses 

similar to the samples measured with standard silver electrodes (gauge factor between ~2-

12), whereas the samples with metallic electrodes showed higher responses at lower force 

values. Metallic electrode integration was conducive to tensile mechanical property loss, 

with samples failing at points of insertion as they acted as regions of stress concentration 

and inhomogeneity. The cyclic testing corresponded to the tensile results, with CNTF 

incorporating samples providing cyclic responses similar to the standard samples. CNTF 

samples sustained more cycles at higher forces than the samples with metallic embedded 
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electrodes, but the difference was not significantly larger. Microstructural analysis proved 

that the performance of the CNTFs was due to matrix infiltration, both through the porous 

surface and into the volume of the fiber through surface artefacts, which allowed for an 

enhanced connection between the CNTs of the nanocomposites and the CNTFs. This was 

also the reason for the lack of contact resistance seen during multifunctional property 

measurement. 

Here the superiority of a CNTF-based one-step monitoring solution for 

multifunctional nanocomposites utilizing CNTs as the additive has been shown. This thesis 

provides the scientific groundwork for further investigations into these advanced 

hierarchical nanocomposites and factors such as CNTF production technique, precursor 

quality, density, porosity, thickness and well as CNT type, functionalization and dispersion 

degree are now opened for further in-depth investigations. The thesis is the first to 

document this unique material interaction and properties and allow further scientific work 

to be conducted in this direction. In particular, in-depth studies which focus on primary 

variables such as CNTF densification and packing degree, morphology and interaction with 

various polymers should be addressed. Such studies will lay further groundwork as to what 

exact properties of CNTFs are required to sense which particular properties of 

CNT/nanocomposites. Further along the road, functionalization would be of particular 

interest since the variety of chemical groups which can be attached to CNTFs may make 

them very sensitive to chemical changes, such as those during polymer curing.  

Practically, the thesis has proved the concept for a material-based dual-stage 

monitoring solution for multifunctional, smart and self-diagnostic nanocomposites. 
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Although the thesis shows that the CNTFs are sensitive to CNTs, the behavior should be 

consistent for all electrically conductive nanoparticles such as graphene and its derivates, 

nanometals and nanorods. Defect management and structural health monitoring of next 

generation composites and nanocomposites, electromagnetic absorbers and reflectors, 

smart materials and sensors are highly possible based off of this work. When compared 

with equipment intensive techniques currently employed by the industry for composite 

monitoring and which lie in the price range of 1500- 15,000 USD (excluding overheads), 

the outlined technique offers a promising alternative which currently costs between 50-800 

USD for 1 meter of monitored material (including overheads). 

Further practical applications of the method outlined in the dissertation will be most 

attractive where hierarchical fiber reinforced nanocomposites incorporating CNTs will be 

used. As the CNTFs showed that they provide electrical responses which may help 

determine the concentration of CNTs in composites, this field would be the first place 

where they may be applied. Fiber reinforced composites are often subject to the filtration 

effect during manufacturing, and having a one-step solution for dual stage monitoring will 

be both feasible and attractive. With the proper protocol of embedding, which would 

ideally be a grid like format which is premade on the fiber reinforcement, holes, notches, 

macrocracks and microdamage (if the grid size is small enough) should be theoretically 

detectable. Particular forms of damage may be detectable due to the unique range of change 

of resistance, but more accurate and precise equipment will be required. 

In the case of other forms of mechanical loading, the piezoresistive response of the 

base nanocomposite will dictate the response detected by the CNTFs. Generally, for 
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complex mechanical deformation, the piezoresistive response is the same over a monitored 

area, where the resistance increases with deformation. Compression is one of the only 

examples where piezoresistive response for such nanocomposites is negative, i.e. the 

conductivity is seen to increase with compression since the percolation network is forced 

together. The CNTFs should, by all results seen in this dissertation, be able to pick up such 

responses. This has been added into the dissertation. 

An interesting aspect for investigation might include the area of AC conductivity 

measurement. AC measurements should not affect the performance of the CNTFs, as they 

themselves have a high conductivity and will show as typical resistors. The base 

nanocomposite properties will determine changes in behavior and it would be of interest to 

see how the CNTFs may respond to frequency dependent conductivity.  
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Appendix 

 

Appendix Figure 1: SEM images of (a) MWCNT and (c) SWCNT masterbatches taken at 

250,000 X. 


