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ABSTRACT

Polymer based multifunctional material systems (MFMS) have gained increasing atten-

tion in the past two decades. The addition of nanofillers and nanoparticles allows for modifi-

cation of physical properties as well as the discovery of new features. Multifunctionalization

of composites allows us to “do more with less”. For example, electrically conductive additives

can eliminate the need for sensors through self-sensing principles, shape morphing matrices

can reduce the need for actuators, and the inclusion of fire-resistant constituents can reduce

flammability in stringent fire protection measures. With added capabilities, the applications

of multifunctional composites extends beyond the aerospace and automotive industries to

healthcare, infrastructure, electronics, among others, and optics.

The current state of the art is largely focused on single-filler composites or multifiller

composites with complementary attributes. For example, carbon nanotubes (CNTs) when

mixed with graphene produces higher conductivity than can be achieved via modification

with either CNTs or graphene alone. The majority of investigations conducted in this domain

have fillers selected with the aim of imparting a singular property. Much less has been done

in the area of multifiller and multifunctional polymer matrix composites (PMCs) which can

exhibit multiple properties. Consequently, this work seeks to contribute towards the field of

synergistic functional composites. That is, a multifiller composite material system comprised

of differently functional fillers. This approach has potential to yield smart material systems

that outperform single-filler or single-functionality materials through the discovery of novel

synergistic coupling between the differently functional phases.

In light of the preceding motivation, this work presents the results on the experimental

electromagnetic and mechanical characterization of multi-walled carbon nanotubes (MWC-

NTs) + carbon-coated iron nanoparticle (CCFeNP)-modified polymers. Carbon nanotubes

with their electrical properties and iron nanoparticles with their magnetic attributes present

potential for synergistic electromagnetic interactions in a well-percolated network. We re-

port on the electro-magnetic properties of MWCNT + CCFeNP/epoxy composites including

DC and AC conductivity, dielectric permittivity, magnetic permeability, and piezoresistance

as a function of varying relative MWCNT and CCFeNP concentrations. The results are

12



in a large part linked to the manufacturing process described herein. This work seeks to

establish the foundations of synergistic functional filler combinations that could lead to new

multifunctional capabilities in the future.
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1. INTRODUCTION

During the early stages of aviation, aircraft were primarily constructed using a natural com-

posite material known as wood, in conjunction with wire and fabric. However, in the 1930s,

aluminium alloys emerged as a dominant force and have maintained that position since.

Currently, the industry is focused on replacing secondary members in aerial vehicles and

aerospace structures with composites. The decision to transition from traditional materials

to more advanced fiber-based composites is driven by several factors, including their high

tensile strength, superior stiffness, and excellent durability. And of all the available options

to choose from, a thermosetting epoxy system was the engineering community’s top choice

for the matrix material. This is largely because of its higher resistance to environmental

degradation. Notable examples of the considerable impact of composites in this regard are

the Boeing 757, 767, and 777 and the Airbus A310, A320, A330, and A340 airliners[ 1 ].

The preceding example illustrates only one of the many ways polymer based composites

have been integrated into our daily lives. When these polymer based composites offer more

than just structural benefits, we can call them multifunctional materials. Multifunctional

material systems can be defined as materials that possess multiple desirable engineering char-

acteristics (e.g., electrical, thermal, magnetic, optical, mechanical or other properties). The

inclusion of multiple desirable properties in one eliminates the need for auxiliary components

in complex electromechanical systems. This often reduces the total mass and volume of the

system and thereby increases efficiency. These characteristics expand the scope of applica-

tions of a single material to myriad domains. Some examples include wearable healthcare

devices[ 2 ], structural health monitoring[ 3 ], heating and ventilation[ 4 ], and detection of toxic

gases for safety purposes[ 5 ]. Designing multifunctional composite materials and structures

is a challenging task because the combination of materials and the fabrication process play

a crucial role in impacting the functional capabilities of the final product. These materials

have applications that can span structural or non-structural domains or sometimes even a

combination of the two. It should be noted here that the meaning of “multifunctional materi-

als” is not well defined in prior work. Some authors choose to use the term “smart/intelligent

material” in place of multifunctional materials. For the purposes of this work, MFMS refers

14



to multifunctional composites. According to the current state of the art, most work involves

integrating different types of functional devices and/or additives to manufacture these ma-

terials. For example, embedded sensors that measure strain and/or temperature changes

to localize damage have been developed. Embedded sensing is usually done through fiber

optics[ 6 ] or via piezoelectric sensors and actuators[ 7 ]. Nanofillers have also been extensively

studied for the advantages they offer when combined with a bulk matrix. These include elec-

trical conductivity[ 8 ], electrolytic properties[ 9 ], permittivity[ 10 ], optical properties[ 11 ], and ion

selectivity[ 12 ]. While most research is focused on adding only one type of functional property

to the matrix, some work has been done to combine fillers that could potentially produce a

material system with multiple functionalities. That is, multifiller multifunctional materials

have been developed where the fillers interact to impart one or more desirable qualities to

the system. Some examples of both are discussed in the following sections.

Figure 1.1. Layout of an airplane wing-mounted state monitoring sensor [ 13 ].
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1.1 Single-filler multifunctional materials

We shall first look at nanomaterial based MFMS. Nature offers various allotropes of car-

bon because of its co-valency. Scientists have taken advantage of its stability to develop

carbon based nanoparticles in the form of tubes, cones, spheres, and sheets. These include

graphene, CNTs, carbon black (CB) and carbon nanofibers (CNFs). Carbon has been the

choice of filler for various applications in MFMS because of its great mechanical, thermal, and

electrical properties[ 14 ], [ 15 ]. These properties have endowed the filler with many functions

like actuation[ 16 ], energy storage[ 17 ], strain and chemical sensing[ 18 ], energy harvesting[ 19 ],

corrosion protection, flame retardancy and environmental protection[ 20 ]. The piezoresistiv-

ity of carbon based polymer nanocomposites has been much studied because of its diverse

applications. These include strain sensing[ 21 ], measurement of blood pressure in the medical

field[ 22 ], electronic textiles[ 23 ], and pressure sensing in the automotive industry[ 24 ].

Figure 1.2. Schematic illustration of piezoresistivity induced by carbon
nanofillers: (a) carbon naotubes 1-D filler; and (b) graphene 2-D filler.[ 25 ]

Another category of multifunctional materials are functionally graded materials (FGMs).

These materials are also made of a matrix and a reinforcement material. However, the matrix

is usually metallic (Al, Cu, Mg, Ti, and Ni) and the reinforcements are usually ceramics at the

micron scale (SiC, CNT, Al2O3, TiB2, SiO2, and ZrO2)[ 30 ]. These systems are manufactured

in a manner so as to achieve spatial variations in composition and/or microstructure. This
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Figure 1.3. Applications of piezoresistive polymer nanocomposites based on
carbon nanostructures. a) Highly twistable tactile sensing array made from
polydimethylsiloxane (PDMS) and carbon black nanoparticles[ 26 ], b) Stretch-
able single wall CNT/PDMS strain sensor for human motion detection[ 27 ],
c) Organic light-emitting diode on a graphene/polymethyl methacrylate
(PMMA) transparent conducting electrode[ 28 ], and d) Schematic showing the
use of carbon nanotubes in a polymer matrix to self-sense crack propagation
and damage in advanced multiscale composites[ 29 ].

allows scientists to control thermal, structural or other functional properties. The gradation

of properties makes the material more resistant to thermal and mechanical stress concentra-

tions one would expect in traditional composites[ 31 ]. Originally developed for thermal barrier

purposes in fusion reactors and aerospace structural applications, FGMs have since found

utility in high-temperature structural components[ 32 ]. They can also potentially be used

for chemical sensing, rocket nozzles[ 31 ], solar cells[ 33 ], artificial bones[ 34 ], nanopipes, nano-

reactors, actuators, engine cylinders, brake rotors, probes, leaf springs, gas adsorbents[ 35 ],

sonar domes, and catalyst supports among others[ 36 ].

Next, we shall look at polymeric carbon fiber (CF) based structural composite materi-

als. Conductive structural composites generally consist of two phases: a reinforcing fiber
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and a matrix. Smart structural composites that are multifunctional include added functions

like strain and stress sensing[ 37 ], damage detection[ 38 ], thermoelectric energy generation[ 39 ],

electro-magnetic interference shielding[ 40 ], current rectification, self-healing[ 41 ], and noise and

vibration control[ 42 ]. The sensing capability of a carbon fiber based sensor can be enhanced if

the matrix material is conductive[ 43 ]. This can be done by adding conductive particles (CNFs,

CNTs, GNPs, etc.). In addition to good structural and electrical properties, the conductive

network of carbon fiber can be leveraged for its resistance heating as well. Schulte and

Baron[ 13 ] showed that Joule heating can modify the mechanical properties of carbon fiber re-

inforced polymer (CFRP) based structures and thereby affect the fiber’s environment. Joule

heat can be produced by direct current injections that locally heats the surrounding environ-

ment of the fiber. Joseph and Viney[ 44 ] harnessed this phenomenon to successfully produce

epoxy based carbon fiber composites. This was done by clustering CFRP prepregs between

copper blocks and then heating the setup up to the temperature needed for crosslinking by

a current injection. Resistance heating finds an application in the welding of thermoplastic

polymer matrix composites as well[ 45 ].

Conductive structural materials can also be employed for energy applications. Structural

capacitors have emerged as a form of advanced energy storage[ 17 ]. The inclusion of multi-

functional composite materials (i.e., CFRP) broadens the scope of applications to include

structural domains. Thus, multifunctional composites used as energy storage devices could

offer both enhanced electrical as well as mechanical properties. This integration also facili-

tates considerable space savings[ 47 ]. Additionally, conductive nanoparticles (metallic powders

or carbon-based nanofillers) can also enhance dielectric permittivity of capacitors[ 48 ].

Magnetic nanocomposites (MNCs) have also drawn increased attention thanks to their

remarkable properties. They typically contain magnetic nanoparticles that respond to ex-

ternal stimuli, that is, a static or alternating magnetic field. The resultant magnetome-

chanical forces finds practical applications in many fields like actuation[ 49 ], drug delivery[ 50 ]

or even magnetic separation[ 51 ]. Additionally, in the presence of external magnetic fields,

magnetic particles can behave like nanoheaters[ 52 ] which can be leveraged for biomedical

applications[ 53 ]. Some prior work utilizes core-shell MNCs. That is, the structure comprises

of a magnetic core which is usually coated with a metal. The shell acts as a shield to pro-
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Figure 1.4. Scanning electron micrographs of the conductive fillers used
in this study: (a) Ni-coated carbon fiber (NCCF), (b) multi-walled carbon
nanotubes (MWCNTs), (c) graphite[ 46 ].

tect the core from further oxidation and corrosion. Sometimes silica is chosen as the shell

material for magnetic cores. This material aids particle dispersion, enhances thermal and

chemical stability, decreases toxicity, and offers good microwave absorption[ 54 ], [ 55 ]. Carbon

coated magnetic nanocomposites[ 56 ] have also emerged as a material choice in the realm of

sensing and actuation. Similar to the metallic shell discussed above, the carbon shell acts

as a physical barrier to hinder particle aggregation. Additionally, the hydrophillic coat-

ing can be of interest as drug carriers for magnetic resonant imaging (MRIs)[ 57 ] and drug

therapy[ 58 ]. Other representative applications include water purification[ 59 ], sensing[ 60 ], tu-
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mor apoptosis[ 61 ], and biomolecule separation[ 62 ]. Applications of MNCs in electronics are

illustrated in Figure  1.5 . There are numerous untapped applications in various domains for

novel combinations of magnetic particles and host materials.

Figure 1.5. Configurable electronics and sensors via multiphysics coupling of
magnetic soft composites. (a) Configurable antenna with an actively tunable
resonant frequency[ 63 ], (b) Multifunctional magneto-mechano-electric origami
assembly for digital computing[ 64 ], (c) Magnetically responsive soft material
sensor by embedding silver nanowires in MRE[ 65 ], (d) Self-sensing magnetic
graphene aerogel with strain-dependent resistance[ 66 ], (e) Magnetically respon-
sive soft material sensor embedding liquid metal in MRE[ 67 ], (f) Deformation
sensor mimicking cilium structure[ 68 ].

1.2 Multifiller nanocomposites with complementary properties

Scientists have successfully developed a wide variety of particulates/flakes and fibers to

chose from when it comes to modifying thermosetting and thermoplastic matrices. Accord-

ing to Wypych[ 69 ], more than 70 types of the former and more than 15 types of the latter are

widely available for use. While previous work has explored the affect of each additive in a

PMC individually, scientific curiosity has also led researchers to combine some of them and
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analyze the combined material system. This has led to the development of “hybrid com-

posites”. Different researchers have chosen to define this term differently. Thwe and Leo[ 70 ]

described this as a combination of different matrices with a single reinforcing material. On

the other hand, Fu et al.[ 71 ] use this term to define a system containing more than one filler in

a single matrix. For the purpose of this work, we are focused on a hybrid composite made up

of more than one type of filler in a single polymer base. Hybrid nanocomposites are expected

to exhibit new characteristics that may or may not be inherent to the individual components.

A hybrid composite is also vastly different from a hybrid material because the properties

of a hybrid material can be modelled as a combination of the properties of the constituent

materials (e.g., the rule of mixtures). The same cannot be said for hybrid nanocomposites

because the factors influencing the properties of the system are vastly different (interfacial

interactions between different fillers or fillers and the matrix). Researchers use the term

“synergy” to define the interaction of the components in these systems. This is due to the

synergistic effect generated by their combination. The collective impact of fillers surpasses

the cumulative effects of the individual constituents. In other words, synergy refers to the in-

teraction of elements wherein each component enhances the effectiveness of the others when

combined[ 72 ].

Presently, significant emphasis is placed on complementary conductive multifiller compos-

ites, aiming to harness a synergistic impact through the utilization of two or more carbon

fillers possessing distinct geometries and electrical properties. This focus arises from the

abundant availability of conductive fillers. Complementary effects are considered particu-

larly important below the percolation threshold. A combination of conductive fillers can

show conductive characteristics even when the concentration of each lies below the percola-

tion threshold of each filler[ 74 ]. The significant attention directed towards conductive polymer

composites stems from their wide-ranging utilization in various domains, including but not

limited to anti-static materials, electromagnetic shielding, conductive films, conductive coat-

ings, and phase-transfer catalysis.[ 75 ]–[ 77 ]. Ma et al.[ 8 ] explored the capabilities of the carbon

black-multi-walled carbon nantube (CB-MWCNT) system as a hybrid filler for epoxy based

nanocomposites. Different types of nanocomposites were manufactured: CB-only, CNT-only,

and others by adding varying amounts of CB to either 0.2 wt.% CNT or 0.4 wt.% CNT. The
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Figure 1.6. Model of the microstructural network in epoxy composites with
various weight ratios of MWCNTs and GNPs[ 73 ].

hybrid systems displayed better DC characteristics when compared against the single-filler

composites. The addition of 0.2 wt.% CB particles to 0.2 wt.% CNTs led to a significant

enhancement in electrical conductivity, increasing by approximately six orders of magni-

tude. Apart from enhancing the electrical conductivity of the composites, the incorporation

of CB particles yielded notable improvements in the plasticity and fracture strength of the

CNT/CB hybrid nanocomposites. This finding highlights the synergistic effect achieved by

CB in conjunction with CNT. We can say that both the carbon based fillers were acting
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in a complementary manner. That is, the fillers worked together to augment the electrical

conductivity than could be achieved by either CNTs or CB alone.

Figure 1.7. DC electrical conductivities of nanocomposites containing either
CNT or CB alone and fixed CNT contents of 0%, 0.2%, and 0.4% plus varying
CB contents[ 8 ].

Another example of complementary fillers are graphene or functionalized graphene and

CNTs. The amalgamation of these additives has exhibited synergistic effects in terms of

enhanced tensile strength, improved thermal and electrical conductivities[ 78 ], as well as in-

creased supercapacitance[ 73 ]. Graphene (with its two-dimensional geometry) has undeni-

able advantages: high aspect ratio[ 79 ], good electrical conductivity, and high sensitivity.

Thus, the combination of graphene with one-dimensional CNTs puts forth the possibility

of promising complementary composite systems. Li et al.[ 80 ] investigated the electrical and

mechanical characteristics of a hybrid epoxy nanocomposite made of MWCNTs and graphite

nanoplatelets (GNPs). They also fabricated single and two-filler composites: CNT/epoxy,

GNP/epoxy and by incorporating varying weight fractions of MWCNTs into GNP from 0.1

wt.% to 1 wt.%. For the multi-filler composite, the maximum total filler weight fraction

was held constant at 2 wt.%. When comparing the electrical conductivity of the mixed-filler

specimens against the GNP-only specimens, it was discovered that for the same weight frac-

tion of fillers, the former had better conductive properties than the latter. Additionally, the

fracture toughness of the hybrid system was 21% higher than it single-filler counterpart. This

was attributed to crack tip bridging and CNT pullout. Similar studies have been conducted

in thermosetting polymers as well[ 81 ], [ 82 ].
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Figure 1.8. Electrical conductivity of (a) CNT or GNP nanocomposites as
a function of filler content and (b) 2 wt.% CNT/GNP hybrid nanocomposites
as a function of CNT content[ 80 ].

1.3 Carbon + iron based composites

As discussed previously, carbon based inclusions can develop a well-connected electrical

network in an insulating matrix. Similarly, ferromagnetic particle have shown to impart

magnetic permeability to the same. One would expect a combination of the two to introduce

both electrical and magnetic functionality in a polymer. Some work has been done to combine

conductive ferromagnetic fillers (BaTiO3, Fe, Ni) with conductive carbon fillers (CNTs, CB)

and analyze the resulting system. This thesis is focused on one such combination of magnetic
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and electrical fillers, MWCNT + CCFeNP. And thus, it is worth exploring the current state

of the art. Some of our findings are discussed below.

For example, Lozitsky et al.[ 83 ] explored the electrical properties of epoxy containing

CNT and inorganic fillers: carbonyl iron (Fe) and titanium dioxide (TiO2) particles. The

concentration of titanium dioxide was fixed at 35 wt.% and that of iron was fixed at 30 wt.%,

respectively. The concentration of CNTs was varied from 1 wt.% to 5 wt.% in increments

of 1 %. To understand the effect of TiO2 and Fe, the results were compared against CNT

only composites. The DC conductivity curves indicate that the addition of TiO2 or Fe

lowers the conductivity when CNT is less than 3 wt.% and increases it beyond 3 wt.%. It

was hypothesized that at low weight fractions, the presence of ferromagnetic fillers impedes

the development of a conductive network within the matrix. However, beyond 3 wt.%, the

electro-conductive Fe particles supposedly act as “bridges” between CNT particles, effectively

reducing the distance between conductive particles. The AC conductivity of the Fe hybrid

system indicates that beyond 3 wt.% CNT, the effect of increasing frequency is minimal. The

real permittivity values of the multi-filler composite increased with increasing CNT content.

This phenomenon was attributed to the increased polarization of conductive clusters of

similar elements (CNT-CNT), dissimilar elements (CNT-Fe), and interfacial polarization at

the filler-polymer junctions. While this paper establishes results in electrical conductivity,

it fails to explore the effect of magnetic fillers on conductivity, that is, magnetoresistance.

Figure 1.9. DC conductivity of CNT/L285, CNT/TiO2/L285 and CN-
T/Fe/L285 versus CNT content in wt% (a) and vol.% (b)[ 83 ].
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Hudziak et al.[ 84 ] manufactured Fe-filled carbon nanotubes (Fe-MWNT) and suspended

them in a polyurethaneurea matrix. Electrical conductivity tests on rectangular films of this

material exhibited a percolation threshold at 0.35 wt.% filler concentration. Stress-strain

measurements performed on unloaded and 10 wt.% FeMWNT-loaded samples yielded the

Young’s moduli at 10 MPa and 25 MPa, respectively. The material system was also subjected

to strain dependent magnetoresistance testing. The FeMWNT composites exhibited mag-

netoresistance which could be a consequence of the interaction of the applied magnetic field

and the ferromagnetic domains in the FeMWNT core. A sudden jump in magnetoresistance

was observed at low axial strain (up to 20%). In the presence of an applied magnetic field,

dipoles in the iron are expected to experience a magnetic torque. This would cause preferen-

tial orientation of the conducting nanotubes perpendicular to the axial current flow. Thus,

the conduction pathway would be broken. This work was focused on the magnetoresistive

response of a mechanically-loaded hybrid elastomer composite.

Figure 1.10. TEM micrographs of individual FeMWNTs extracted from the deposits[ 84 ].

Engel et al.[ 85 ] synthesized a single-walled carbon nanotube (SWCNT)-iron oxide nanocop-

mosite and studied the resulting antimicrobial activity and magnetic response of the material.

Bactericidal results on two strains of E. coli indicated that the material system is capable

of serving as an antimicrobial agent for the disinfection of polluted waters. It was also

discovered that the nanocomposite is reuasble in this application when washed with cal-

cium chloride and distilled water. However, the efficiency of its performance drops when
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Figure 1.11. Magnetoresistance, versus axial strain. The dotted line is the
variation of the derivative of R60 with respect to axial strain expressed as a
percentage of R60.[ 84 ].

washed more than four times. Thermograms on iron oxide-only, SWCNT-only and hybrid

nanocomposites indicated that the thermal degradation temperature of the hybrid system

lies between the single-filler systems. The iron-only specimens showed no degradation at

all. The hysteresis loops show that the iron oxide-SWCNT system has a lower saturation

magnetization than the iron-only specimens. This paper was largely centered around the

anti-bacterial properties of a mixed carbon-iron nanocomposite.

Mousavi et al.[ 86 ] modeled the nanocomposite of carbon nanotube and α-Fe2O3, using

molecular mechanics and semi-empirical methods. This work was centered around the elec-

trochemical compatibility of the nanocomposite for coating on a glassy carbon electrode

(GCE). This work was also motivated by the application of this material system as a counter

electrode in dye-sensitized solar cells. Results showed good availability of surface area for

electroactivity, low peak-to-peak separation, superb current density, high response stability,

and low resistance due to the high electrical conductivity and the remarkable electrocatalytic

ability of the MWCNT/α-Fe2O3 electrode material.
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1.4 Motivation

The numerous examples discussed above have covered extensive ground in the area of

single-filler and multifiller multifunctional modified polymers. While single-filler composites

were born from a need to impart different types of desirable characteristics to polymers,

hybrid composites remain largely conductive. Most work in the realm utilizes complementary

fillers to produce systems with good electrical properties at low filler concentrations. Some

work has been done to combine the functionality of electrical and magnetic fillers. Combining

these fillers has the potential to produce a smart material that is more than the sum of its

constituents. That is, it has the potential to exhibit both electrical and magnetic properties.

This could also be called a synergistic composite since the functionality of the composite

is dependent on the multi-physical interplay of different parts within it. A lot of prior

work uses the term synergy to describe nanocomposite systems with two or more nanofillers

contributing towards a single multifunctional property. It is necessary to note here that the

authors of this work will use this term differently. All references to synergistic functionality

in this document imply a single composite modified with two or more different functional

nanofillers, the multi-physical interactions of which give rise to new functional properties.

That is, a material system with multiple types of nanoparticles that possesses properties

not achievable by single additive alone but arises as a result of the interplay of some or all

additives.

The current state of the art discussed here has illuminated a gap in the field of synergistic

electro-magnetic composites. Work done to combine iron and carbon often uses oxidized iron

(Fe2O3, Fe3O4)[ 87 ], modifies the structure of the fillers[ 88 ], or is centered around a specific

application[ 89 ]. It was discovered that little to no work was done to establish the baseline

synergistic characteristics of a multifiller electro-magnetic composite that employs unmod-

ified MWCNTs and Fe. Additionally, the material system developed herein employs iron

nanoparticles which are protected from oxidation by a carbon coating. Unoxidized iron has

vastly different magnetic characteristics than oxidized iron. This thesis encompasses various

electrical properties (conductivity, permittivity), magnetic properties (permeability), as well

as mechanical properties (piezoresistance).
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2. PROBLEM STATEMENT, RESEARCH GOAL, AND NOVEL

CONTRIBUTIONS

2.1 Problem Statement

Despite the widespread use of modified polymer composites, the realm of electro-magnetic

multifunctional nanofiller-modified polymer matrix composites (PMCs) is dominated by one

of two groups: PMCs modified with only a single type of nanofillers or PMCs modified with

multiple types of nanofillers acting in a complementary manner. These works are usually

predominantly focused on modifications using a single type of filler or a combination of

fillers to achieve a solitary functional property. Therefore, the gap in the state of the art

is that limited efforts have been made towards modifying composites with multiple differently

functional filler types that will endow the composite with multiple distinct characteristics.

Addressing this gap is important because it can significantly expand the application space

of multifunctional materials.

2.2 Research Goal

The research goal of this work is to study multifunctional PMCs modified with mul-

tiple types of fillers chosen for potential synergistic interactions. That is, manufacture and

characterize a composite with functional properties not achievable by any single filler phase

but that emerge as a result of the interplay of the fillers. In the context of this work,

synergistic functionality refers to the incorporation of two or more nanofillers with distinct

functional characteristics into a single composite, where their multi-physical interactions

synergistically generate novel functional properties. This is significantly different from the

prevailing state of the art that uses synergy to define multifiller composites where most or

all phases contribute to a property that is achievable (although often to a lesser extent) by

either phase individually.
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2.3 Novel Contributions

The exploration of this concept is expected to stimulate advancement in the state of the

art by unlocking distinctive functional properties in multi-filler composites. Consequently,

it can broaden the design possibilities and potential applications of functional composites.

Through this work, the author lays the groundwork in synergistic functionality between

multi-walled carbon nanotubes and carbon-coated iron nanoparticles. This unique pair of

nanofillers are expected to produce unique synergistic effects like adaptable electro-magnetic

properties on demand, as well as the presence of multi-physical intrinsic self-sensing capa-

bilities. While the focus of this study is on a particular material system, the fundamental

insights, methodologies, and instrumentation developed herein are expected to have broad

applicability across diverse and exciting domains of synergistically functional materials.

2.4 Document Structure

First, the experimental section dives into the manufacturing and various test methods

deployed to produce and characterize the behavior of CNT + CCFeNP composites. Next,

it presents a look at the results from the various tests and interprets the multi-physical

interactions. The thesis wraps up with a summary, conclusions, and review of future work.
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3. EXPERIMENTAL PROCEDURE

To understand the synergistic influence of each nanofiller in the material system, six specimen

groups with varying relative concentrations of MWCNTs and CCFeNPs were manufactured.

All specimens were made up of an epoxy matrix modified with 0.5 wt.% of nanoparticles;

either only multi-walled carbon nanotubes or only carbon-coated nanoparticles or some com-

bination of the two that added up to 0.5 wt.%. More details about the relative filler weight

fraction for each group can be found in Table  3.1 . Carbon nanotubes were chosen due to

their excellent electrical conductivity, high aspect ratio, and desirable tensile strength char-

acteristics. Carbon-coated iron nanoparticles present magnetism from the iron core while the

carbon coating provides an effective oxidation barrier and prevents corrosion. Hydrophilic

carbon coating on iron nanoparticle cores endows better dispersibility and stability than

those shown by bare iron oxide nanoparticles. This combination of electrical and magnetic

fillers were selected because the complementary nature of their geometry (high aspect ratio

tubes and nano-sized spheres) allows for synergistic electro-magnetic interactions in a perco-

lated network. Epoxy was chosen as the matrix due to its widespread commercial availability

and popularity.

Table 3.1. Specimen groups and their relative constituents.
Specimen group 1 2 3 4 5 6
Weight fraction of CNT (%) 0.5 0.4 0.3 0.2 0.1 0.0
Weight fraction of CCFeNP (%) 0.0 0.1 0.2 0.3 0.4 0.5

3.1 Manufacturing

Manufacturing began with weighing an appropriate amount of epoxy resin (FibreGlast

System 2000). Desired quantities of MWCNTs (Cheap Tubes 30101) and CCFeNPs (Sigma

Aldrich 746827) were added to the polymer for each specimen permutation. Exact dimensions

of both fillers are given in Table  3.2 . Surfactant (Triton X-100) was added in a 1:1 weight

ratio to the nanofillers and acetone was added in a 1:1 volume ratio to the epoxy. The

mixture was then stirred for 5 minutes by hand following which, it was stirred in a planetary
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centrifuge mixer for the same duration. To improve homogeneity of the fillers in the polymer

phase, the solution was sonicated in a tip sonicator at 50% power with pulses every other

second. Two batches with different sonication times were manufactured; one sonicated for

1 hour only while the other was sonicated for 2 hours. The next step was to evaporate the

diluent, which was done on a heated (60 °C) magnetic stirring (600 rpm) plate for 24 hours.

Following successful removal of acetone, the solution was cooled to room temperature and an

air release agent (BYK-A 501) and hardener were added. Hardener-to-epoxy ratio was set

at 23:100. After stirring once again for 5 minutes, the mixture was poured into silicon molds

and left to cure in an oven for 5 hours at 60 °C. A schematic describing the manufacturing

process can be seen in Figure  3.1 .

Table 3.2. Dimensions of nanofillers as provided by manufacturer.

Carbon nanotubes Outer diameter: 10-20 nm
Length: 10-30 µm

Carbon-coated iron nanoparticles Average size: 25 nm

Figure 3.1. Schematic of manufacturing procedure for MWCNTs + CCFeNP/epoxy
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3.2 Testing

A combination of electrical and magnetic fillers is expected to react to both electrical

fields and magnetic fields. To elucidate the synergistic influence of their respective properties,

a comprehensive analysis of the material was performed through electrical tests as well

as magnetic tests. Thus, resistance, impedance, magnetic permeability, permittivity, and

piezoresistance were measured. Each type of test equipment had a uniquely shaped specimen

fixture and hence, specimens of different geometries and dimensions had to be manufactured.

While electrical tests were performed on specimens sonicated for both 1 and 2 hours, all

subsequent testing was done on specimens sonicated for 2 hours due to time constraints.

3.2.1 Electrical Measurements

While the electrical properties of MWCNT modified polymers have been studied consid-

erably, it is expected that the addition of CCFeNPs would affect this performance. To gain

better insight into the electrical attributes of the combined filler system, we chose to perform

both DC resistance and AC impedance tests. Simple, block-like specimens were manufac-

tured. This would provide ample surface area to prepare and mount surface electrodes on

opposite faces of the specimens. This shape was chosen because of it simplicity in specimen

preparation, the ease it offers to measure resistance with a simple setup, and the ability to

produce multiple specimens in one manufacturing run. Opposite faces of twenty cube-like

prismatic specimens from each group (each measuring 10 mm × 10 mm × 9 mm) were

sanded down to expose the nanofiller network. Fast drying silver paint was applied on these

faces to form surface electrodes for two-point measurements. A digital multi-meter (DMM)

was used to measure the resistance across the specimens at room temperature. Figures  3.2 

and  3.3 showcase representative specimens and the setup for the DC tests, respectively. Fol-

lowing direct current measurements, copper tape was applied to the painted faces of the

same specimens to form electrode tabs. Each specimen was connected via alligator clips to

an impedance analyzer (Keysight E4990A), which measured the impedance magnitude and

phase angle across the specimen as a function of frequency from 20 Hz to 10 MHz. This pro-

cess was repeated for 10 specimens of each group. The equivalent circuit for each specimen
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was also modeled on the analyzer to quantify the resistance and reactance of the material

groups. A few representative specimens and the test setup are shown in Figures  3.4 and  3.5 ,

respectively.

Figure 3.2. Representative DC specimens. The left and ride side faces have
fast drying silver paint to form surface electrodes.

3.2.2 Magnetic Measurements

To understand the effect of diamagnetic carbon nanotubes in conjunction with the fer-

romagnetic iron nanoparticles, bulk magnetic dipole moment m was measured as a function

of applied magnetic field, H at room temperature. In this endeavor, by employing the man-

ufacturing and casting method defined above, cylindrical specimens measuring 6.25 mm in

length × 3.5 mm in diameter were manufactured for each specimen group. Figure  3.6 dis-

plays an example of these specimens. Each specimen was mounted on a cylindrical brass

sample holder, the typical fixture utilized by the magnetic property measurement system

(MPMS, EverCool SQUID magnetometer). The SQUID is an extremely sensitive magnetic

flux-to-voltage transducer. Prior to mounting, it was ensured that each specimen was dust

free. Just 4 ×10−11g of iron is enough to produce errant noise in the measurement system of

the MPMS. Only clean ceramic tools were utilized to avoid imparting magnetic impurities
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Figure 3.3. Experimental setup for DC tests.

Figure 3.4. Representative AC specimens. Copper tape was applied to the
left and right side faces of the DC specimens.

to the samples. After inserting the specimen, the first step was to check whether the spec-

imen was in the center of the magnetic field. This is done by performing a centering scan.

During the centering scan, the MPMS scans the entire length of the specimen and measures

the offset, that is, the distance from the bottom end of the sample holder to the sample

location. This is usually about 66 mm. We used the DC centering scan mode wherein the

specimen moves through the detection coils and the coil response is analyzed to locate the
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Figure 3.5. Representative equipment setup for AC tests.

specimen. Once it was ensured that the magnetic center of the specimen was within the

specified tolerance (66±3 mm)[ 90 ], the vibrating sample mode (VSM) was activated and a

linearly increasing magnetic field (700 Oe/s) was applied in the range of -30,000 Oe to 30,000

Oe. The resultant magnetic moment generated in three specimens was measured. Figure

 3.7 showcases the respective test setup.

Figure 3.6. Representative magnetic specimens.
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Figure 3.7. Representative test setup to measure magnetic permeability.

3.2.3 Permittivity

Permittivity was also measured for these materials per ASTM D150-81. Specimen prepa-

ration for this test began with manufacturing long cylindrical specimens (55 mm diameter ×

35 mm long) in silicon molds. The non-contacting electrode method (air gap method) was

employed to measure the permittivity of this material. This method derives the dielectric

constant from the capacitance difference between two measurements; once without the test

material, and the other with the test material. These two measurements are made with the

distance between the electrodes held constant. This method eliminates the need for surface

electrodes while simultaneously eliminating any errors caused by an air film (error caused
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by air gap between the electrode and the surface of test material). The measurements were

performed on the aforementioned impedance analyzer in conjunction with the accessory, di-

electric test fixture (16451B). The accessory is furnished with four electrodes for dielectric

measurements: A, B C, and D. Of the two electrodes (electrodes A and B) suitable for the air

gap method, the authors chose to use electrode A for this test since it has a larger diameter.

Test materials with large diameters and lower thickness yield more accurate results. The air

gap method, as outlined in the 16451B user manual[ 91 ], states that when using electrode A,

the diameter of the material under test should be greater than or equal to 40 mm and smaller

than or equal to 56 mm. Additionally, the thickness of the test material is restricted to below

10 mm. Thus, the specimens were cut down to desired thickness (2 mm) on a horizontal

band saw and cleaned with acetone. After performing rough and accurate adjustment of

the guard/guarded and unguarded electrodes to ensure parallelism, the test material was set

between the electrodes. The gap between guard electrode and unguarded electrode was set

such that the gap distance between the guard electrode and the test material was less than

10% of thickness of the test material. The series capacitance and dissipation factor was mea-

sured as a function of frequency (20 Hz to 5 MHz). Then the material was carefully extracted

from between the electrodes and the capacitance and dissipation factor was measured once

again. This procedure was repeated on five specimens from each group. Figure  3.8 shows

the representative specimens used in this test while Figure  3.9 shows the test setup.

Figure 3.8. Representative permittivity specimens.

38



Figure 3.9. Representative test setup to measure relative dielectric constant.[ 91 ]

3.2.4 Mechanical Measurements

To understand the mechanical and piezoresistive properties of these composites, tensile

testing was also conducted. For this, three dog bone shaped specimens (measuring 165.1

mm in length × 13 mm in width, gauge length 127 mm) were manufactured for each group

according to ASTM D638. To establish Ohmic contact with the current supply, two 6.35

mm wide surface electrodes were prepared on the gauge section, by first sanding down the

surface, applying fast drying silver paint, and then applying copper tape over the silver paint.

The electrodes were positioned at a separation distance of 38.1 mm from each other. The

two-point probe setup allows for easy and accurate measurement of voltage across the gauge

length within the elastic range of applied strain and resistances. Grip tabs were also attached

at the end of each test specimen on both the top and bottom surfaces. The specimens were

mounted in the grips of a hydraulic powered load frame (Instron 8801) and electrical connec-

tion was established with a power supply via a data acquisition system (PXIe-6368 NI DAQ).

An edge-mounted extensometer (2620601 Dynamic Extensometer) was employed to measure

strain during the monotonically applied displacement cycle. The test method was designed

to apply displacement at a rate of 0.01 mm/s for 165.1 s. This resulted in a maximum dis-

placement amplitude corresponding to 1% engineering strain. Prior to applying mechanical

load, a current-voltage sweep was conducted for each specimen to understand the conduction

mechanism. After a relationship between the two was established, baseline resistance (R0)
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was measured to determine undeformed resistance. Then the test was performed, where the

load frame applied tension on the specimen while the strain and voltage across the gauge

section was measured. The resistance was measured after testing as well (called post exper-

imental resistance, Rd) to determine permanent changes to resistance caused by mechanical

loading. An example of the test setup can be seen in Figure  3.11 .

Figure 3.10. Representative tensile specimens.
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Figure 3.11. Test setup to measure strain and voltage using a two-point
probe method under monotonic tensile loading.
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4. EXPERIMENTAL RESULTS AND DISCUSSION

Having described the manufacturing procedure and tests deployed to characterize the ma-

terial, this section details the following: original data gathered from the test equipment,

data processing methods performed on the original data to determine quantities of interest,

and a thorough comparison of the quantities of interest for different specimen groups. The

accompanying explanation for each finding attempts to elucidate the system’s behavior.

4.1 SEM Imaging

To visualize the geometry and distribution of the filler network, a few specimens from

each group were frozen in liquid nitrogen and then manually fractured. The fracture surface

was studied under a scanning electron microscope (Nova SEM) after applying platinum

coating. Imaging shows a combination of regions with good MWCNT dispersion and regions

with agglomerations of MWCNTs (see Figure  4.1 ). The dispersion of MWCNTs allows

for a well connected conductive pathway. Under the SEM, only MWCNTs were observed

whereas CCFeNP could not be seen. This could be because of their small size and low

concentrations. Thus, we turned to transmission electron microscopy (TEM) on the Tecnai

G2 20 for platinum coated and uncoated specimens. The uncoated specimens (see Figure

 4.2 ) show well-dispersed CCFeNP on the observation surface. The topographical image of

the composite reveals several distinct dark colored regions. CCFeNP was located in these

very regions on the backscatter image. A better view of the CCFeNPs was obtained from the

platinum coated specimens (see Figure  4.3 ). Sphere-like agglomerations of CCFeNPs can be

identified on the fracture surface from the topographical image.

4.2 DC Conductivity

The average DC conductivity and standard deviation for each specimen group and dif-

ferent sonication times is shown in Figure  4.4 . The resistivity for each specimen described

in section  3.2.1 was calculated as ρDC = AR/L, where A is the surface area of the elec-

trodes, R is the resistance measured across the electrodes, and L is the distance between the
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Figure 4.1. SEM images of platinum coated 0.3 wt.% MWCNT + 0.2 wt.%
CCFeNP/epoxy. The left image shows MWCNTs protruding from the fracture
surface (indicated by arrows) with seemingly good dispersion. The right image
shows an agglomeration. CCFeNPs are unable to be definitively located in
these images.

electrodes. The resulting conductivity was calculated by taking the reciprocal of this value,

that is, σDC = 1/ρDC . Specimens with only CCFeNPs and no MWCNTs exhibited very high

resistance and hence the resistance across these specimens was immeasurable with a DMM.

This is probably attributable to the fact that the spherical CCFeNPs are present at a concen-

tration insufficient to establish an electrically percolated network. That is, the percolation

threshold of CCFeNPs in epoxy lies above 0.5 wt.%. Batches sonicated for 1 and 2 hour(s)

show similar trends in DC conductivity. Specimens containing only MWCNTs have conduc-

tivity between 0.5 and 0.6 ×10−3 S/m. However, the addition of 0.1 wt.% CCFeNP increases

the conductivity to approximately 1.1 ×10−3 S/m. This could be because the iron particles

provide a pathway for electrical current between the carbon tubes. Similar phenomena has

been documented in other multifiller composites with complementary shapes[ 92 ], [ 93 ]. With

increasing relative concentration of CCFeNPs and decreasing concentration of MWCNTs,

the electrical conductivity drops, as one would expect. The percolation threshold of MWC-

NTs lies between 0.2 and 0.3 wt.% and thus very low values of conductivity are recorded for

0.3 wt.% MWCNT + 0.2 wt.% CCFeNP/epoxy and 0.2 wt.% MWCNT + 0.3 % CCFeN-

P/epoxy. One prominent difference caused by longer sonication times can be noticed in the
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Figure 4.2. TEM images of uncoated 0.5 wt.% MWCNT + 1 wt.% CCFeN-
P/epoxy. On the left is a topographical image of the fracture surface while
the right is a backscatter image of the same. The backscatter image indicates
that CCFeNP is well dispersed. The encircled regions on the right correspond
to where CCFeNP is located. The illuminated areas in the encircled regions
on the right indicate the presence of CCFeNP. These regions appear as dark
colored patches on the left.

Figure 4.3. TEM images of platinum coated 0.5 wt.% CCFeNP/epoxy. On
the left is a topographical image of the fracture surface while the right is a
backscatter image of the same. These images show an agglomeration of iron
particles.

electrical response of the 0.1 wt.% MWCNT + 0.4 wt.% CCFeNP group. The reason for this

dramatic difference in electrical conductivity with sonication times is currently unknown.

However, it can be hypothesized that longer sonication introduces the risk of damaging the

MWCNTs, thereby decreasing their aspect ratio. And since aspect ratio is closely tied to

conductivity[ 94 ], it may cause the significant change in conductivity seen here (almost 75%).

44



Figure 4.4. Average DC conductivity for each relative weight fraction and
two sonication times. The dashes indicate the standard deviation of twenty
specimens from each group.

4.3 AC Conductivity

The average AC conductivity for each group was determined from the measured impedance

magnitude and phase angle (shown in Figures  4.5 and  4.6 ). Electrical impedance spec-

troscopy (EIS) curves shown in Figure  4.9 were generated from the impedance magnitude

and phase angle by using equations  4.1 and  4.2 where |Z| and θ are the impedance magnitude

and phase angle. The real part of impedance is called resistance while the imaginary part of

impedance is called reactance. Note, however, that ‘resistance’ is just a nomenclature term;

the real part of the impedance can also include non-resistive transport mechanisms. Similar

to the DC measurements, CCFeNP only specimens were non-conductive and therefore are

excluded from these results. Each point on the EIS curve is the impedance at one value of

frequency. The EIS plots show a semi-circular trend, indicating that the material exhibits

behavior typically seen in parallel resistor-capacitor circuits. However, specimens with 0.3

wt.% MWCNT + 0.2 wt.% CCFeNP in the first batch and 0.4 wt.% MWCNT + 0.1 wt.%

CCFeNP in the second batch show very large standard deviations. The real impedance and

reactance were plotted as a function of frequency (shown in Figures  4.7 and  4.8 ). For longer

sonication (right figure), the addition of CCFeNPs to MWCNTs, that is, 0.4 wt.% MWCNT

+ 0.1 wt.% CCFeNP/epoxy shows both high reactance and high real impedance. Similar
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behavior is observed for the 0.3 wt.% MWCNT + 0.2 wt.% CCFeNP/epoxy group in the

first batch (left figure). It is possible that the increased interfacial zones between nanofillers

leads to greater resistive losses[ 95 ]. When two conductive particles are held at close proximity

and the separation distance is occupied by an insulating material (for example, epoxy), a

capacitor is made. At the micro scale, when one has large quantities of nanoscale conductive

particles suspended in epoxy, one can expect at least some of them to behave like micro-

capacitors. If we assume that the MWCNTs and CCFeNPs are dispersed well enough to

behave like micro-capacitors, this could explain the high reactance we observed.

Re(Z) = Z ′ = |Z| cos(θ) (4.1)

Im(Z) = Z ′′ = |Z| sin(θ) (4.2)

Figure 4.5. Impedance magnitude as a function of frequency for all specimen
groups and two sonication times on a log plot. The solid lines indicate the
mean of ten specimens from each group and the shaded regions indicate the
standard deviation.

The test equipment also curve-fitted the impedance magnitude and phase angle to the

response of standard resistor-inductor-capacitor circuits. The electrical response of almost

all specimens curve-fitted well to the electrical characteristics of the circuit shown in Figure

 4.10 . The average curve-fitted values of resistance, inductance, and capacitance are shown in
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Figure 4.6. Phase angle as a function of frequency for all specimen groups
and two sonication times on a log plot. The solid lines indicate the mean of
ten specimens from each group and the shaded regions indicate the standard
deviation.

Figure  4.11 . If one assumes the behavior of the material to be similar to the behavior of the

circuit shown in Figure  4.10 , the following conclusions can be made. Results from the first

batch show that the 0.1 wt.% MWCNT + 0.4 wt.% CCFeNP group has the lowest resistance

but significant inductance and capacitance. This could mean that the iron particles have

good electrical contact. Similarly, the 0.4 wt.% MWCNT + 0.1 wt.% CCFeNP specimen

group showed low resistance but considerable capacitance, indicating that the conductive

tubes are in such close proximity that they are behaving like micro-capacitors. On the other

hand, the same specimen group when sonicated for longer exhibits very high resistance. It

is possible that the longer sonication may have resulted in better dispersion of MWCNTs.

This would increase the interfiller distance between MWCNTs in the system which could

lead to a higher resistance.

For prismatic specimens discussed in section  3.2.1 , the AC conductivity can be calcu-

lated as σAC = L/Z ′A where L is the length between the electrodes, Z ′ is the real part of

impedance (refer to equation  4.1 ), and A is the area of the electrodes. Average AC conduc-

tivity versus frequency is shown in Figure  4.12 . The AC conductivity shows two distinct

regimes; frequency-independent behavior (the flat part of the curves, also called the DC re-

gion) and frequency-dependent behavior (where the curves grow exponentially). In the DC
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Figure 4.7. Real impedance as a function of frequency for all specimen groups
and two sonication times on a log plot. The solid lines indicate the mean of
ten specimens from each group and the shaded regions indicate the standard
deviation.

Figure 4.8. Reactance as a function of frequency for all specimen groups
and two sonication times on a log plot. The solid lines indicate the mean of
ten specimens from each group and the shaded regions indicate the standard
deviation.

region, electrical behavior is controlled by filler and inter-filler resistance only. However, in

the frequency-dependent region, the frequency is high enough for the impedance to be im-

pacted by frequency-dependent effects such as inter-facial polarization between conductive

fillers and insulating matrix, inter-filler regions behaving like micro-capacitors, etc. Both

batches display noisy behavior above 1 MHz, although it is to a much greater extent for the

first batch (1 hour sonication). This could be because longer sonication allows for better
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Figure 4.9. EIS curves for each relative weight fraction and two sonication
times. The solid lines indicate the mean behavior of ten specimens while the
shaded regions indicate the standard deviation.

Figure 4.10. RLC circuit curve-fitted to the measured data for all specimen
groups and batches.

dispersion of the fillers in the epoxy matrix. And better dispersion translates to a well es-

tablished electrical network. For the first batch, specimens containing 0.1 wt.% MWCNT +

0.4 wt.% CCFeNP show highest AC conductivity in the frequency range 100 Hz to 0.1 MHz,

about 2 × 10−3 S/m. This is followed by the 0.4 wt.% MWCNT + 0.1 wt.% CCFeNP group.

Similar trends were observed in DC conductivity as well. However, for the second batch, at

sub-MHz frequencies, MWCNT-only specimens show the highest conductivity at 5.6 ×10−3

S/m, which is followed closely by 0.1 wt.% MWCNT + 0.4 wt.% CCFeNP. The 0.4 wt.%
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Figure 4.11. Average curve-fitted values of resistance, inductance, and capac-
itance for each specimen group and two sonication times. The dashes indicate
standard deviation of ten specimens.

MWCNT + 0.1 wt. % CCFeNP specimen group displays lowest AC conductivity, which is in

direct contrast to what was seen in DC conductivity. Previous work in multifiller composites

has shown that the conductivity of metal/MWCNT/polymer composites is related to many

factors, such as the intrinsic conductivity of MWCNT, the length to diameter ratio of MWC-

NTs, the intrinsic conductivity of metal particles, the size of metal particles, the coverage

ratio of metal particles, the metals work function, and the polymers work function[ 96 ].
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Figure 4.12. AC conductivity as a function of frequency for each relative
weight fraction and two sonication times on a log plot. The solid lines indi-
cate the mean behavior of ten specimens and the shaded regions indicate the
standard deviation.

4.4 Permeability

Permeability characterizes the interaction of a material with a magnetic field. After

collecting raw data (applied magnetic field and resultant bulk magnetic dipole moment

m), we first corrected for magnetic remanence. Remanence or residual magnetization is

the magnetization left behind in ferromagnetic material after an external magnetic field is

removed. This effect becomes more pronounced at lower values of applied magnetic fields

(< 1 T). The SQUID is equipped with a superconducting magnet which exhibits magnetic

polarization at low fields because of pinned magnetic flux lines. The effect of magnetic

remanence at low fields is an offset error in the reported magnetic field. This offset depends

on the magnet history and is opposite in sign when coming from positive versus negative

fields. For our purposes, the test script was designed to obtain field accuracy within 1 Oe.

Next we corrected for demagnetization effects. This is a magneto static effect which creates a

difference in the internal field generated in the specimen and the applied field. In cgs units,

this is expressed by equation  4.3 , where H is the applied field in Oe, M is the magnetic

moment per unit volume in emu/cm3 and N is the demagnetizing factor. According to the

work by D-X Chen et al.[ 97 ], N = 0.2186 for cylinders with a length to diameter ratio of 1.6.
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Hin = Happlied − 4ΠNM (4.3)

After correcting the applied field, we had to correct the magnetic moment. The SQUID

is calibrated on a palladium cylinder (measuring 2.8 mm in diameter × 3.8 mm in height).

Since our specimens did not match the calibrated standard, the reported moment had an

inherent error. We have to account for a multiplicative artifact (also called moment artifact)

which is geometry dependent. It is determined by a simulator program and usually varies

between 5-20% of the original sample dimensions. The corrected moment was determined

as correct moment [emu] = reported moment [emu]/moment artifact. Cylindrical specimens

present the possibility of radial and axial positioning errors. A sample that is axially out

of center will lead to an under-reported moment while a sample radially out of center will

lead to an over-reported moment. The simulator program allows for a radial offset. The

radial offset is more crucial and can lead to 10-20% over-reported moment if the sample is

not mounted carefully. A quartz paddle sample holder can be employed to minimize radial

error. The corrected magnetic moment per unit volume, or magnetization experienced by

the composites was determined as a function of externally applied magnetic field strength

for three specimens of each weight fraction combination. Due to the small size and low

weight fraction of magnetic fillers, each specimen contains approximately 0.3 mg or less

of iron nanoparticles. Thus, the magnetization is not much larger than the applied field.

Average magnetization, saturation magnetization and the range of magnetization for each

specimen group are shown in Figure  4.13 . Since carbon is diamagnetic, no measurable

response was recorded for 0.5 wt.% MWCNT/epoxy. It can be observed that with increasing

concentration of CCFeNPs, the saturation magnetization generally increases (also see Figure

 4.14 , left), which is to be expected since saturation magnetization is directly proportional to

the quantity of iron. The saturation magnetization (Msat) represents the maximum magnetic

moment per unit volume for a magnetic material. The mean of this value drops between

specimens with 0.4 wt.% CCFeNP and 0.5 wt.% CCFeNP by 1.66×10−4 emu/cm3. This

trend is a significant deviation from the trends observed in bulk magnetic materials. One

factor that determines the saturation magnetization of a material is the magnitude of the
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atomic magnetic moments[ 98 ]. Thus, one would expect that higher concentrations of iron

in the composite would produce a larger magnitude of magnetic moments. However, the

addition of 0.1 wt.% carbon trumps the addition of 0.1 wt.% iron when it comes to saturation

magnetization. It can be hypothesized that the magnetized ferromagnetic particles induce

contact magnetism in the carbon tubes due to charge transfer at the points of contact, as

seen in the work by Cespedes et al.[ 99 ].

Figure 4.13. Average magnetization versus magnetic field strength for each
relative weight fraction. The solid lines indicate the mean behavior of three
specimens from each group, the shaded regions indicate the range and the
dashed lines indicate the saturation magnetization.

Magnetic susceptibility was also determined as χ = M/H, where M is the magnetization

in emu/cm3 and H is the applied magnetic field in Oe. Susceptibility is a measure of the

degree to which a material can be magnetized in the presence of a magnetic field. Most mate-

rials respond with either an alignment of polar dipoles along the direction of the field, called

paramagnetism (χ > 0) or an alignment against the field, called diamagnetism (χ < 0). It

indicates whether the material system is attracted by or repelled out of a magnetic field.
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Figure 4.14. Average saturation magnetization (left) and susceptibility
(right) for each relative weight fraction. Since carbon is diamagnetic, no re-
sponse was recorded for 0.5 wt.% MWCNT.

The average susceptibility is presented in Figure  4.14 (right). MWCNT-only specimens are

diamagnetic and therefore exhibit a small negative susceptibility. The measured value of sus-

ceptibility for CCFeNP-only specimens deviates from bulk values. This could be attributed

to many factors, like geometry, surface effects in these nano-scale particles, or the presence

of a diamagnetic matrix[ 100 ]. The average coercivity and retentivity are also shown in Figure

 4.15 . These values were determined from the hysteresis loops in Figure  4.13 . Coercivity is

a measure of the ability of a ferromagnetic material to withstand an external magnetic field

without becoming demagnetized while retentivity is the tendency of the magnetic material to

retain magnetism, even in the absence of a magnetizing field. Susceptibility and retentivity

are expected to rise with increasing quantities of magnetic material in the specimens, which

is what we observe. However, the addition of MWCNTs enhances both these properties

greater than that of CCFeNP-only specimens. More work is needed to determine if these

observations regarding the change from 0.4 to 0.5 wt.% CCFeNP are due to the inclusion of

the MWCNTs (i.e., a synergistic effect) or are within experimental error. And as one would

expect, the coercivity of 0.5 wt.% CCFeNP/epoxy is highest since it contains the maximum

amount of ferromagnetic particles.
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Figure 4.15. Average retentivity (left) and coercivity (right) for each relative
weight fraction. Since carbon is diamagnetic, no response was recorded for 0.5
wt.% MWCNT.

4.5 Permittivity

The dielectric constant is the ratio of permittivity of the material to the permittivity

of vacuum. This is also called the relative permittivity of a material which possesses the

ability to collect and store energy in the form of electrical charge. Permittivity, on the other

hand, is the ability of a material to store electrical energy in the presence of an electric field.

Dielectric constant (κ) of a material is equivalent to its relative permittivity (εr)[ 101 ]. The

real part of permittivity (ε′
r) measures the amount of energy stored in the material from

an external electric field. The imaginary part of permittivity (ε′′
r) is called the loss factor

and indicates how dissipative a material is to the external field. The latter is always greater

than zero and usually much smaller than the former. Dissipation is usually a combination

of dielectric loss as well as conductive current.

To characterize this material system, we determined the relative dielectric constant and

dissipation factor, using equations  4.4 and  4.5 , for each specimen group. Here Cs1 is capac-

itance without test material inserted (measured in F), D1 is the dissipation factor without

test material inserted, tg is the gap between guard/guarded electrode and unguarded elec-

trode (in m), Cs2 is the capacitance with the test material inserted (measured in F), D2 is

the dissipation factor with the test material inserted, ta is the average thickness of the test
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material (in m), εr is the dielectric constant of the test material, and Dt is the dissipation

factor of the test material. Cs1, D1, Cs2, and D2 were measured on the impedance analyzer

while tg and ta were set on the micrometer connected to the electrodes.

εr = 1
1 − (1 − Cs1

Cs2) × tg

ta

(4.4)

Dt = D2 + εr × (D2 − D1) × ( tg

ta

− 1) (4.5)

The dielectric constant of a material is a measure of its ability to store electrical en-

ergy. It is an expression of the extent to which a material holds or concentrates electric

flux. The results for average relative dielectric constant and dissipation factor are shown

in Figures  4.16 and  4.17 . All permutations had one common trend; the value of εr gradu-

ally decreased with increasing frequency before plateauing at a constant value. Frequency

dependence arises because of three effects: the dispersion of MWCNTs in the polymer, the

polarizability between distinct MWCNT aggregates, and spatial heterogeneity within filler

aggregates[ 102 ]. For heterogeneous polymers, there exists electronic, atomic, orientation, and

interfacial polarization. In the presence of an alternating electric field, free charge moves

inside filler clusters in the direction of applied field for each half of the current cycle. Charges

accumulate on the interfacial boundaries between MWCNTs aggregates and epoxy, and a

dipole moment is imparted to the cluster. It is possible that with increasing frequency,

the polarization of the interfacial dipoles was weakened. This phenomenon has been docu-

mented previously as well[ 48 ]. It can be observed that the 0.3 wt.% MWCNT + 0.2 wt.%

CCFeNP group has the highest relative dielectric constant in the domain of interest. This is

followed by 0.5 wt.% MWCNT/epoxy and 0.2 wt.% MWCNT + 0.3 wt.% CCFeNP/epoxy.

As mentioned previously, the percolation threshold of MWCNTs is between 0.2 wt.% and

0.3 wt.%. Consequently, when the composite contains quantities of carbon near this value

the relative dielectric constant could increase by several orders of magnitude, according to

the polarization theory by Maxwell-Wagner-Sillers[ 103 ]. On the other hand, the polarizabil-

ity of composites also increases with increasing concentrations of electrical fillers because

interfacial area between MWCNTs and the matrix increases simultaneously[ 104 ]. The high
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aspect ratio of MWCNTs could dominate the polarizability, thereby rendering the material

with good dielectric properties.

Figure 4.16. Average relative dielectric constant as a function of frequency
for each relative weight fraction. The solid lines indicate the mean behavior of
five specimens while the shaded regions indicate the range of measured values.

A dielectric material usually has low electrical conductivity but can store an electrical

charge. When it is placed in an electrical field, no electric current flows within it. This

is because the material does not have loosely bound (free) electrons that drift through it.

Specimens with the lowest electrical conductivity (0.3 wt.% MWCNT + 0.2 wt.% CCFeNP,

(see Figure  4.4 ) exhibit the highest dielectric constant. Therefore, it is possible that even

though these specimens have a low concentration of free charge carriers, the filler network

stores electrical energy well.

Dissipation factor is defined as the reciprocal of the ratio between a material’s capacitive

reactance to its resistance. Similar to dielectric constant this quantity is also frequency

dependent. As the frequency increases, more energy is lost due to rapid switching of dipoles.
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Figure 4.17. Average dissipation factor as a function of frequency for each
relative weight fraction. The solid lines indicate the mean behavior of five
specimens while the shaded regions indicate range of measured values.

Specimens with 0.3 wt.% MWCNT + 0.2 wt.% CCFeNP have the highest dissipation factor.

The conductive path formed by MWCNTs allows a portion of the electrical energy to be

lost as heat. It is possible that the addition of iron to the material adds interfacial zones

which facilitates charge transfer in the material. It could lead to an increased energy loss by

the free charges through the interfacial regions of the MWCNTs and CCFeNPs[ 105 ]. There

exists a possibility of measurement error in this test. The causes of these errors and steps

to mitigate them are listed in Appendix  A .

4.6 Piezoresistance

The results of the current-voltage sweeps described in section  3.2.4 are shown in Figure

 4.18 . It represents the average normalised I-V curves for each specimen group as a scatter

plot. The baseline resistance for each specimen was different, and hence the current-voltage
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Table 4.1. Average baseline resistance, post-experimental resistance, and
change in resistance for each specimen group.

Specimen group Baseline resistance
(R0, [MΩ])

Post-experimental resistance
(Rd, [MΩ])

Change in resistance
(∆R, [kΩ])

0.5 wt.% MWCNT 2.0621 2.0802 18.11
0.4 wt.% MWCNT
+ 0.1 wt.% CCFeNP 49.268 49.636 367.6

0.3 wt.% MWCNT
+ 0.2 wt.% CCFeNP 50.07 50.201 131.43

0.2 wt.% MWCNT
+ 0.4 wt.% CCFeNP 203.25 203.55 305.67

0.1 wt.% MWCNT
+ 0.4 wt.% CCFeNP 184.7 185.45 747.52

0.5 wt.% CCFeNP 203.68 203.75 78.731

curves were normalized to aid the direct comparison of different specimen groups. To deter-

mine whether the behavior was Ohmic or not, the I-V response was compared against that

of a perfect Ohmic resistor (resistance is constant). A perfect Ohmic resistor is expected to

show a linear relationship between normalized current and voltage, as shown by the black

line. We can observe that specimens containing none or low quantities of MWCNTs, that

is, 0.5 wt. %CCFeNP/epoxy and 0.1 wt.% MWCNT + 0.4 wt.% CCFeNP/epoxy, show a

slight deviation from the linear fit. This could be associated with the percolation threshold

of MWCNTs. At less than 0.2 wt.%, the amount of MWCNTs is insufficient to establish

a good conductive network. Thus, the relationship between current and voltage is influ-

enced by other factors like capacitance and inductance. The non-linearity of the I-V curves

vanishes for specimens with 0.3 wt.% or higher concentration of MWCNTs. The average

baseline resistance (R0), post-experimental resistance (Rd) and the change between the two

(∆R) can be found in Table  4.1 . The largest change in resistance is observed in the 0.1 wt.%

MWCNT + 0.4 wt.% CCFeNP specimen group. This could be attributed to the low concen-

tration of MWCNTs. The amount of MWCNTs in this group is lower than the percolation

of MWCNTs and thus permanent distortion of the electrical network would be expected to

produce the largest change in material resistivity.

During mechanical testing, two quantities were measured as a function of time; engineer-

ing strain (ε) and voltage across the specimens for a fixed current. The dimensions of the

specimens were known and hence, the applied axial stress was determined as a function of
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Figure 4.18. Normalised IV sweeps for each relative weight fraction as a
scatter plot. A linear regression model for a perfect resistor was also plotted
(shown by the black line).

time using the load and cross-sectional area of the gauge section. Axial stress versus axial

strain curves were generated for each specimen group as shown in Figure  4.19 . The linear-

ity of the curves proves that the load on the specimens was below the elastic limit for the

duration of the test. Elastic modulus was determined by linearly curve-fitting the loading

curve for each group. The average Young’s modulus for each specimen group can be found

in Figure  4.21 (left). We discovered that the Young’s modulus of 0.1 wt.% MWCNT + 0.4

wt.% CCFeNP was greater than that of CCFeNP-only or MWCNT-only specimens. It has

been shown that the addition of carbon-coated iron particles can make a matrix stiffer[ 106 ].

Thus, we can hypothesize that carbon tubes with their excellent tensile properties[ 107 ] in con-

junction with iron’s high stiffness lend excellent rigidity to the material system. Poisson’s

ratio was not determined since previous work[ 108 ] has established that little to no change is

observable in this elastic quantity with changing concentrations of MWCNTs.
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Figure 4.19. Average stress versus strain curves for each relative weight
fraction. The solid lines indicate average behavior of three specimens and the
shaded regions indicate the range of values.

From the measured voltage and known current one can determine the normalized change

in resistance during loading as a function of measured strain. To do this, we first calculate

the resistance during loading as a function of time. Next we calculate the change in resistance

(∆R). And lastly, we normalize the change in resistance against the baseline resistance (R0).

This allows us to determine the piezoresistive effect of the specimens. Peizoresistive effect is

quantified by the change in electrical resistivity of a material per unit strain applied to the

material. As seen in Figure  4.20 , all specimens show positive piezoresistance for monotonic

tensile loading, albeit it is to a much lesser extent for specimens with 0.2 wt.% or lesser

quantities of MWCNTs. The gauge factor (defined by equation  4.6 ) was determined by a

linear curve fit (y = mx + b) for the loading curves. It is shown in Figure  4.21 (right). 0.5

wt.% MWCNT/epoxy shows the highest value of gauge factor, approximately 5.8. This may

be attributed to the high concentration of electrical fillers in this group. Another interesting

observation is that the gauge factor of 0.1 wt.% MWCNT + 0.4 wt.% CCFeNP/epoxy is more

61



than twice that of 0.2 wt.% MWCNT + 0.3 wt.% CCFeNP/epoxy. This could be because at

lower MWCNT concentrations, the inter-filler distance is greater and thus deformation has

a greater impact on the electron tunneling. According to the quantum theory of mechanics,

electrical current can flow under certain conditions through an insulator. The insulator

should have conductive elements dispersed within it. The resistance of this current, that is,

tunneling resistance, depends on the closest distance between adjacent MWCNTs[ 109 ]. It can

be assumed that a tensile load would increase the tunneling distance between carbon tubes.

And thus, the normalized change in resistance would be more pronounced at low weight

fractions of MWCNT. This phenomenon is well documented in previous work[ 110 ].

GF = ∆R

R0

1
ε

(4.6)

Figure 4.20. Average piezoresistance for each relative weight fraction. The
solid lines indicate average behavior of three specimens and the shaded regions
indicate the range of values.
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Figure 4.21. Average Young’s modulus (left) and gauge factor (right) for
each relative weight fraction.
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5. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

FOR FUTURE WORK

To recapitulate, this work set out to understand the effects of synergistic multifunctional

fillers in a structural polymer system. As engineers continue to discover wide-ranging appli-

cations of composites, it has pushed the scientific community to combine functionalities of

different parts and/or materials into one. The desire to “do more with less” has served as

the motivation for modified PMCs. Thus, one can find an abundance of work on polymer

systems modified with a single type of nanofiller (e.g., MWCNTs, CNFs, graphene, iron oxide

nanoparticles, etc.). Some work has been done on modified composites with complementary

nano-fillers, that is, nanoparticles that combine to impart an improved single characteristic

to the system (e.g., higher electrical conductivity). However, most exploration in this field

has been one-dimensional; fillers are usually chosen to impart a single type of property such

as thermal, electrical, magnetic, etc. Few have ventured to combine numerous nanofillers

with distinct functionalities. There exists a gap in the field on multifiller composites with

synergistic fillers. The authors use synergy to define a combination of fillers that exhibit

multi-physical interactions leading to new properties. These properties cannot be attained

by any individual filler in isolation but rather arise from the collective presence of all fillers

in unison.

In light of the preceding paragraph, this thesis work considered a promising combination

of electrical fillers (MWCNTs) and magnetic fillers (CCFeNPs) to explore synergistic effects.

The two were combined in six different permutations to obtain specimen groups with different

relative concentrations of fillers: 0.5 wt.% MWCNT/epoxy, 0.4 wt.% MWCNT + 0.1 wt.%

CCFeNP/epoxy, 0.3 wt.% MWCNT + 0.2 wt.% CCFeNP/epoxy, 0.2 wt.% MWCNT +

0.3 wt.% CCFeNP/epoxy, 0.1 wt.% MWCNT + 0.4 wt.% CCFeNP/epoxy, and 0.5 wt.%

CCFeNP/epoxy. Two batches were manufactured for each specimen group, which were

sonicated for different durations. These fillers were chosen for their complementary shapes

and properties; carbon nanotubes are good electrical conductors while being diamagnetic

and iron nanoparticles are ferromagnetic while possessing electrical conductivity.
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To understand the effect of multifiller modification on electro-magnetic properties, the

resultant material system was subjected to a battery of electro-magnetic measurements look-

ing at DC conductivity, AC conductivity, magnetic permeability, permittivity, and piezore-

sistance. Each test fixture required specimens of different shapes and dimensions. Thus,

multiple specimens were manufactured for each test and for each specimen group. The re-

sults indicate the mean behavior of multiple specimens along with the standard deviation (in

case of large data sets, ≥ 10) or range (in case of small data sets, < 10). These specific tests

were chosen because of potential electro-magnetic synergistic responses between the fillers.

All test procedures were designed with the intention of being non-destructive, minimizing

the measurement error, and acquiring data within reasonable measurement time.

SEM images show that MWCNTs generally disperse well throughout the matrix. Some

can even be seen protruding from the fracture surface. It was difficult to locate CCFeNP

under the SEM and hence TEM was used to obtain a more detailed glimpse at the magnetic

fillers. At a scale of 50 µm, CCFeNPs appear to cover the fracture surface relatively uni-

formly. When looking at the topographical view of the fracture surface, dark patches were

noticed in regions where iron was located. Upon closer inspection at 17,000 magnification,

we observe spherical shaped clusters of particles embedded in the matrix material.

Tests for average conductivity had interesting results as well. Even though iron is known

to be electrically conductive, at 0.5 wt.% no measurable resistance or impedance magnitude

was recorded from the DMM or the impedance analyzer for that specimen group. Both

batches, that is, specimens sonicated for 1 and 2 hour(s), showed similar trends. Regardless

of sonication time, specimens with 0.4 wt.% MWCNT + 0.1 wt.% CCFeNP had higher

DC conductivity than MWCNT-only specimens. The biggest difference between the two

batches was observed in the 0.1 wt.% MWCNT + 0.4 wt.% CCFeNP specimen group; longer

sonication resulted in lower DC conductivity. The AC conductivity tests demonstrated

the dependence of impedance magnitude on frequency. From the impedance magnitude and

phase angle measured on the impedance analyzer, the real and imaginary parts of impedance

were calculated. In the low frequency range (<105) Hz, specimens with 0.3 wt.% MWCNT

+ 0.2 wt.% CCFeNP from the first batch exhibited both high values of Z ′ and Z ′′. When

sonicated for longer similar characteristics were observed in the 0.4 wt.% MWCNT + 0.1
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wt.% CCFeNP group. The test apparatus also curve-fitted the electrical response of each

specimen to that of a standard RLC circuit. The mean AC conductivity was computed for

each specimen group as a function of frequency from the real part of impedance and the

specimen dimensions. Above 1 MHz, both batches showed noisy data, although it was much

more amplified for the first batch. In the sub-MHz range, the first batch produced results

similar to those seen in DC conductivity. However, the results of the second batch deviated

from those seen in DC conductivity. Here, both 0.5 wt.% MWCNT/epoxy and 0.1 wt.%

MWCNT + 0.4 wt.% CCFeNP/epoxy had very high conductivity.

Next, the magnetic permeability was determined by recording the magnetic moment of

three cylindrical specimens from each group in an applied magnetic field that ranged from

+30,000 Oe to -30,000 Oe. As anticipated, the value of average magnetization increased

with increasing quantities of ferromagnetic material. However, one interesting observation

was that the addition of carbon in small quantities to iron, that is, the 0.1 wt.% MWCNT

+ 0.4 wt.% CCFeNP group had higher saturation magnetization than 0.5 wt.% CCFeNP by

approximately 1.3 times, which may be indicative of a synergistic interaction. The coercivity

and retentivity were also determined from the resulting hysteresis curves. While retentivity

showed trends similar to those seen in saturation magnetization, coercivity increased with

increasing quantities of iron, independent of the amount of carbon in the specimens.

Another quantity of interest was the relative dielectric constant of the material system.

Employing the non-contacting electrode method on the Keysight dielectric test fixture, the

series capacitance and dissipation factor were measured for five specimens from each group as

a function of frequency on an impedance analyzer. The results show that while the average

dielectric constant decreased with increasing frequency, the dissipation factor increased with

increasing frequency. When analyzing these quantities across different specimens, the 0.3

wt.% MWCNT + 0.2 wt.% CCFeNP group had the highest dielectric constant as well as

dissipation factor.

The last test was designed to study both mechanical as well as piezoresistive characteris-

tics. This was done by applying a simple monotonic load on dogbone shaped specimens up

to 1% engineering strain while the resultant strain and change in resistance across the gauge

section was measured as a function of time. The corresponding stress-strain curves were
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generated for all specimens for both the loading and unloading cycle. All curves were linear.

Specimens with 0.1 wt.% MWCNT + 0.4 wt.% CCFeNP had the highest slope, that is, the

largest value of Young’s modulus, (about 30 MPa). This was followed closely by the 0.5

wt.% CCFeNP group at about 28 MPa. However, this was not the trend seen in the gauge

factor. 0.5 wt.% MWCNT/epoxy had the highest change in resistance per unit strain (about

5.8 during loading). However, the largest change in pre-experimental and post-experimental

resistance was observed for the 0.1 wt.% MWCNT + 0.4 wt.% CCFeNP group (about 750

kΩ).

5.1 Conclusions

Following the methodology for manufacturing and specimen preparation described in

previous sections, these results show that the addition of even 0.1 wt.% CCFeNP to MWC-

NTs significantly increases the conductivity of the composite while also imparting magnetic

properties. Additionally, it was observed that the composite’s magnetic properties (i.e.,

saturation magnetization and susceptibility) were enhanced with the addition of 0.1 wt.%

MWCNT to 0.4 wt.% CCFeNP but decreased below 0.4 wt.% CCFeNP. The permittivity

results indicate that while 0.3 wt.% MWCNT + 0.2 wt.% CCFeNP/epoxy has low conduc-

tivity, this combination of fillers has significant electric charge storage properties, especially

in the sub-MHz range. And lastly, from the stress-strain curves, one can conclude that the

combination of carbon particles and iron nanoparticles aids the stiffness to be higher than

that of single-filler specimens. However, gauge factor is largely dependent on the amount of

carbon nanotubes in the material system.

All material properties that we tested for (electrical conductivity, permeability, permit-

tivity, and piezoresistance) gave rise to noteworthy findings. The findings point towards the

indication that the properties of this material system could be borne from the synergy of the

two fillers. At the very least, certain attributes cannot be credited to any single filler alone.

However, more wide-ranging and comprehensive tests need to be performed to reach defini-

tive experimental conclusions. Computational modelling of the system could be employed

to explain the mechanisms of interactions between the fillers.
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5.2 Future Work

While this thesis has successfully established baseline results for polymer composites

incorporated with synergistic electromagnetic fillers, there is much ground yet to be covered

in the field of synergistic multifunctional modification of composites. Listed below are a few

paths that could carry this work forward.

1. The preliminary work covered here needs to be expanded further to include test

methodologies which can uncover other modes of synergy. For example, the authors

are currently trying to establish the presence of magnetoresistance in this material

system. Magnetoresistance can be defined as the change in resistance corresponding

to an applied electric field because of the effects of a simultaneously applied magnetic

field. While this phenomenon has been well documented in ferromagnetic materials, it

would be interesting to see how the presence of a diamagnetic material would influence

it. Work done on iron-filled carbon nanotubes could also serve as a basis[ 84 ].

2. This work studies a polymer based material system with a total filler weight fraction at

0.5 wt.%. Future work can carry this forward by exploring higher filler weight fractions

(maybe up to 2.5 wt.%) since MWCNTs show significant changes in conductivity above

this weight fraction as well.

3. When looking at iron-only specimens, the concentration of CCFeNPs was insufficient

to establish a well-connected electrical network. Iron is a well-known conductor of

electricity. Thus, it would be helpful to establish the percolation threshold of CCFeNP,

understand the changes in conductivity near this value, and how it affects synergy with

MWCNTs.

4. And lastly, more characterization tests need to performed. To fully integrate this

system in any real-world application, one would have to characterize the material

under other forms of external loading (for example, tensile loading with an applied

magnetic field).
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A. MEASUREMENT ERROR ANALYSIS FOR

PERMITTIVITY TESTS

A.1 Error factor using non-contacting electrode method

There are some sources of error when using the LCR meter in conjunction with the dielec-

tric test fixture. This includes measurement error of test material’s thickness, parallelism

and flatness of electrodes and test materials, and error in gap between electrodes. Error

in measuring ta could arise from the micrometer. This error can be reduced by performing

multiple measurements along the thickness of the test material with an independent microm-

eter. When parallelism and flatness of the electrodes are not perfect, an air film between

surfaces of the electrode and the test material can cause error. This error can be reduced by

ensuring proper specimen preparation, that is, parallel and flat faces on the specimen. If the

scale of the micrometer differs from the actual distance between the electrodes, an error can

be introduced in measuring tg. All these sources of error can be reduced by the following

procedure

1. Measure the capacitance at three different electrode distances.

2. Calculate the theoretical capacitance value of each distance. The theoretical capaci-

tance value Ct can be obtained by equation  A.1 where Ct is the theoretical capacitance

in F, εa is the dielectric constant of air (=1.00059), ε0 = 8.85410−12[F/m], αa is the

effective area coefficient of electrode when the electrode distance is tset, and tset is the

reading value of the electrode distance on the micrometer in m.

Ct = εa × ε0 × π × (d/2)2

tset

× αa (A.1)

3. Calculate the equivalent distance error at each electrode distance. The equivalent

distance error of each electrode distance ∆te can be obtained by equation  A.2 where

Cm is the measured capacitance value in F.

∆te = ( Ct

Cm

− 1) × tset (A.2)

70



4. Average the equivalent distance error

Stray capacitance at the electrodes edges causes error in the measured values Cs1 and Cs2. To

reduce this error, divide capacitance values by the effective area constants. The compensated

dielectric constant can be obtained as given by equation  A.3 where αa and αb are the effective

area constants.

εr = 1
1 − (1 − Cs1

Cs2
× αb

αa
) × teq

ta

(A.3)
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