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ABSTRACT

A scalable processing techniquieatrophoretic depositigrhas attracted
research interest in the field of composite manufacturing due to its capabilities of
hybridizing nanomaterials it conventional fibereinforced composite€arbon
nanotubes have been one of the promising candidates for thairadaonstituent
due to theiexceptional mechanical and physipabperties potentially improving the
matrix or interface dominant properties antkgratingmultifunctionalty. This
dissertation seeks to obtarfiundamental understanding thie processingstructure
performance relationship of carbon nanotblased multiscaleybrid composites
fabricated by electrophoretic depositiandinvestigae the ability to scaleip the
approach through the development of a continuougaabll pilot manufacturing
line.

In this research, aniquefilm formation mechanism of functionakd carbon
nanotubes on the naronductive fiber substrates using electrophoretic deposition is
investigated via muliength scale experiments. A nowdernating currenglectric
field waveform as an alternative thedirect current EPD system is inthaced,
diversifying the ways to tailor the nanocomposite morphology and composite
performanceVarious processing parameters such as electrode type, dispersion
concentration, and electric field strength are examiwwbd;h contribute to deposition
yield kinetics.

Nanoscale characterization of hierarchical composites with the infused epoxy

matrix is performegtaking account of the influence of functionalizing polymer,

XXi



polyethyleneimine (PEI), and the porous structure of the nanocomposites uniquely
created g electrophoretic deposition. Thealrandmechanical characterizations are
conductedo investigate the effect of PEI on the curing behavior and mechanical
properties of epoxy systeswith varying cure cycleslhe localized morphology and
mechanical resp@es ofCNT-PEl/epoxycomposits at the fibermatrix interface are
characterized using atomic force microscopy.

On the basis of quantitative and qualitative analysteelectrophoretic
deposition system in a batch process, atoetbll pilot line is mnstructed capable of
continuously manufacturinganostructureoatedfabrics. Multiscale composites and
nanomateriabased smart textiles have been developed as multifuncimosial
sensorsTheEPD process equipped wildrge scale manufacturabilitys expected to
accelerate future applications in areas ranging from virtual health to distributed

structural health monitoring systems
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Chapter 1

INTRODUCTION

1.1 Motivation

The global market of composite materials is expected to continuously expand
due to the increasing demand for lightweight comporfents variety ofapplications
such as automotivegrospacewind energy, electricalectromagneticand
construction. Reent environmental concerns and stringent regulations on pollution
controlhave acceleratd market growthn compositescompellingmanufacturers to
utilize composite materiald, 2]. The ability to reduce body weight for a given level
of mechanical perfenance is of a great value of composites replacing the use of
metal. Design flexibility is another advantage of composite materials in terms of the
selection of constituent materials and their volume fractions and arrangement to fit the
required propertieand performances various types cddvanced fiber
reinforcementsmatrix resins, andmost recentlynanasized materials have been
developedthe range of materi@lombinationshas expandedCompositesontaining
multiscalestructureffer the opportuity to tailor both the structural and functional
properties of composites at varying lengths of scale. These multifunctional composites
havethe potential fotheintegration of adaptivesensoryandautonomic capabilities
in a single material system.

Conventionalfiber reinforcedpolymercomposite structures consistatiff and
strongadvancedibers such as carbon, glass and advanced polymer fiodrs

diametersn the micron rangesmbeddedn thermoset or thermoplastic polyrseil he



mechanicabnd physicapropertienf compositesre strongly dependent not only on
theproperties of thendividual constituentand the micrescale structuréut also the
interaction at the fibematrix interface. The propertiem the interfacial region, or
interphase, areftendifferent from the bulk propertiesf the constituentsThe

interface and matrix domiked properties such as transverse strengtipjane and
interlaminar shear strength are importandetermining the overall structural
integrity. Scientistsand engineers have developed various methods to improve the
adhesion using the chemical and physical treatment of the fiber stinfaagh the
useof sizing materials and plasma treatmf&it].

Overthepast25+yeatshe term dnanocompositebd
describe composites that haeenforcementsvith at least one critical dimensionan
range of 1 td 00 nm Because of the orders of magnitude difference in the diameters
of nanosca constituents and advanced fibers, theem@pportunity for the
hybridization of nanoscale materialith conventional fibesto improve interfacial
propertesand toughen the matriRue to their nanoscale size, these reinforcements
can penetrate thmatrix-rich interfiber and interlaminar regions and are minimally
invasive to the fiber composite microstructureaddition tothe possibility for
improvement irmechanical performance, nanomaterials offer the opportunity to
modify the thermal and eleatal properties of advanced composites without
compromising the high stiffness and strength of traditional reinforcing fiberseThe
multiscale hybrid composites are often referi@ds hierarchical composites because
their microstructure showtke hierachy in the reinforcing scale from a couple

nanometers to a few hundred microns.



Amongthe variousnanomaterialshat have emergedarbon nanotubes (CNT)
have draw alot of attention due to thekigh specific stiffness and strength combined
with theirthermal and electrical conductivities. Along withitheovel material
properties, the development of mass production technfQu&NTs, such as
chemical vapor depositigqit VD), has substantially reduced tbestandhas
expanded their uses nanosale reinforcementisi composites. CNTs directly mixed
with apolymer matrix or deposited on the fiber reinforcements in hierarchical
composites havleeen shown to alter the mechanical propertieoofentional
advancedompositessuch adracture toughass andhroughthickness and
interlaminarstrength The ncorporation of CNTs caalsoimpart multifunctionality
taking advantage of their thermal and electnmabperties. Br examplethese hybrid
composites have showhe potentialto sense deformatn and damagg’i 10], store
and harvesenergy[11i 13], and improveesistance to lightning strik¢$4, 15].

Hierarchical composites with CNTs are mainly processed by two different
routes: (1) dispersing CNTs in the resin matrix followed by infusiontivediber
preforms usingonventionamolding techniques and (2) directly hybridizing CNTs
onto the reinforcing fibers prior to the matrix infusionthe case of the first method,
carbon nanotubes can drastically increase the viscosity of the polyrreq,ma
resulting indifficulties with theinfusionof the matrix into fibers. Thismitsthe
overallCNT concentrations to relatively low volume fractions. In additON,Tscan
be filtered during resin flownto the fiber preforn{16, 17].

A popular approacfor direct hybridization iso grow carbon nanotubes onto
fibersusingCVD. The CVD approach enables the growth of carbon nanotubes on the

fiber bundles, but the high processing temperatamelscatalyst interactiortan cause



damage tahe reinforcing fibers and remove the fiber sizing, leading to a reduction in
in-plane mechanical propertigk8, 19]. The CVD process is energytensive, making
industrial scalaup costly andequiing fibers with high thermal stabilityOrganic
fibers,such as aramid, cannot be usedauséypical CVD processing temperatures
are higher than the fiber thermal decomposition temperatures

As a result of these shortcomings, researchers have explored the use of
electrophoretic deposition (EPD) for hybridigifiber reinforcements with carbon
nanotube$20i 22]. The key component of the EPD process is electrophoresis, which
is the motion of charged particles in a fluid under an electric field. EPD is used in
industrial applications to coat complex shapes amdecusurfaces with a uniform
thickness and is widely used in ceramics manufacturing, automotive appli¢g@a8hns
water purification24], and fuel cell§25, 26]. Key advantages of EPD include low
cost, simple equipment, control over film uniformity andrphology, microstructural
homogeneity, and the ability to depositamariety ofdifferent substrateg.he use of

EPD to hybridize CNTs with fibers is the focus of this research.

1.2 Objectives and Organization of the Dissertation

The overarching objectivef this dissertation is to advance the fundamental
knowledgeof EPD as a scalable technique to hybridize carbon nargitutioe
hierarchical composites. A deeper understanding of deposition mechamisufisng
interfacial morphology, and performance widspect to the processing parameters is
critical for potential applications and scaling up the EPD process for continugcus roll
to-roll manufacturing. Direct current (DC) and alternating current (AC) electric field
EPD of waterbased carbon nanotube dispers are usedo understand and control

thedeposition mechanisms and kineticsahocomposite film formation on non



conductivefibers and fabricsThe hierarchical composites fabricatedd® and AC

EPD approachesre systematically analyzed in termgiué compositenicrostructure
andproperties Nanoscale characterization of nanocomposites at therfibrx

interface is conducted considering the unique porous microstructures formed during
EPD along with the comnation of functionalized CNTs arahepoxy matrix. Initial
researchhas been conducted angibot line is fabricated tacontinuouslydeposit

CNTs onto continuous fabrics using a +tHroll approach. kerarchical CNT fabrics
have been manufacturéal large scalesensing application3.he dissertation is
organized ito chapters addressing each of these topics, as outlined.below

This chapter presents a detailed literature review of the processing techniques
to deposit the carbon nanotubes for hieraahtomposites, the use AC and DC
fieldsin theEPD, and the current statd-art in the continuous preparation@NT
multiscale composites.

Chapter 2 discusses a DC EPD method to coat CNTs enar@tuctive
reinforcing fabrics, aiming at better undarsding the underlying deposition
mechanism of the functionalized CNTs andithsituinternal structuréormation
The model system consists of polyethyleneimine (PEI) functionalized multiwalled
carbon nanotubes deposited onto Astroquartz Il glascfaoely experiments are
designed at varying length scales with comprehensive characterization using optical
and electron microscopgxamining the nanoscale CNT films on individual filaments
to the macroscopic growth of CNTSs in fiber bundles and facgdesubstrates.

Chapter 3 introduces AC EPD as a novel technique to modify the
microstructure of carbon nanotube interfaces around the woven fabric as compared to

the DC EPD method. Qualitative and quantitative analysis has been conducted on the



film formation mechanisms and accompanying the graded electrical properties of
hierarchical composites fabricated by both AC and DC EPD processes. Potential
applications are suggested where the tailorable morphology of nanomaterial interfaces
by AC EPD can be utilized

In Chapters 4 and 5, nanoscale analysis offaRigessed CNT interfaces
combined with an epoxy matrix c®@nducted (1) Chapter 4 shows the influence of
functionalized polymer, polyethyleneimine (PEI), on the cure behavior and the
mechanical property apoxy resin which is infused into tNT-coatedfiber
preform, and (2) in Chapter 5, theorphology ananechanicaproperties of
nanocomposite films with a thickness of a few microns are quantitatively
characterized using atomic force microscopiFM).

Chapter 6 shows the process of developing the continuousnall
manufacturing system that can seafethe nanomateriaoated fabrics for largecale
applications and offer the basis tbeindustrialization of functional textite The
research perfoned in this chapter includéhe preliminary experiments to determine
the configurations of working electrodes, the construction of a pilot line and the
continuous preparation of CNJoated fabrics.

Chapter7 presentshe major conclusions of thaéissetationresearctand

highlights recommendations farture work and research directions

1.3 Literature Review

1.3.1 Electrophoretic Deposition of Carbon Nanotubes
Electrophoretic deposition (EPD) is a widely used industrial process to coat

colloidal particles such as ceramics, polymers, pigments, and metals on electrically



conductive substrat¢7i 29]. Many industriesranging from automotive to electronic
componets, have been utilizing thEPD coating techniqubecause oits potential
advantagessuch adow energy consumption, high throughput speexchtrol over
chemical compositigrstraightforwardorocess controhnduniform, tailorable coating
thickness. Th&PD processs alsoamenable to scalep forlarge scaleapplications

and isapplicalte to a wide range of materials and compon3@$. In the field of
composite materials, it has been demonstrated that the electrophoretically deposited
nanomaterials dhe fibermatrix interface provide reinforcing capabilities and
multifunctionalities along with homogeneous microstructures and high packing
density.

The EPD processs based on the principle of eleghtworesiswhere
electrically charged particles migestowards an oppositely charged working electrode
under an electric fiel{B1, 32]. The particlegshenprecipitate and/ophysically deposit
on the substrate electrode surface forming a coherent deposition. One of the most
importantrequirement$or succesful EPDis the prepaation of astable dispersion
whereindividual particleshave asurface charge via physical or chemical treatsient
Carbon nanotubes are sometimes difficult to disperse in solvents due to their surface
characteristics, presence of ianfies, and nanoscale entanglement #rabften
present in commercially available products.

Many approaches have been studied for purification and creating stable
dispersions of carbon nanotubes in different solvents. A common strategy is to
introduceoxygenated functional groups (hydroxyl, carboxyl, carbonyl, etc.) at the
surface of CNTs through chemical meth@gf3, 34]. Purification of nanotubes using

strong acids not only removes the metallic catalysts butressdts inchemical



changes on the daces of theCNTs. Despite the simplicity @fcid treatment
proceses it can result ima significant reduction in the aspect rgtength/diameter)
and isdifficult to scak-up from a batclprocess. Ozone and ozone ultraviolet (UV)
treatmentas recentlyoeen exploreds an alternative to acid treatmgai 37].
Ozonebased processarenot as aggressive as acid treatment #metefore)ess
damagingo thegraphitic structures of CNT3 his damage can degraties
mechanical and electrical propertegthe CNT

Another approackor creating stable dispersiorssto use branched or dendritic
polymers such as polyethyleneimine (PENith terminal amino or hydroxyl
functional groupshat @anbe covalently bonded or electsterically interacted with
CNTs to form the surface charge. PE&jgolyelectrolyte and under milty acidic
conditiors the amine groups are protonated, creaéidgspersion suitable for cathodic
EPD. In this researclvork, multi-walled carbon nanotubes are oxidized with
ozonolysis and subsequently functionalized with PEI. The processing conébtions
functionalizationused in this worlaredescribedn Chapter2.

A wide range of organic solventsdizeen usedbr thecreation of CNT
dispersionssuch as ethan88], isopropyl alcoho|39], tetrahydrofuran (THH{YO0],
dimethylformamide (DMFJ}41] and a mixture of acetone and ethgd@]. CNTs can
simply be functionalized in these solvents by sonicating the dispevkich
sometimes requires pesentrifugation steps teemoveagglomerations. However, the
use of organic solvents and chemicals can make it difficult to conduct EPD at
industriatscales due to environmentaincernscost, andgafety issuesAn aqueous
solvent instead can lzeviable alternativéo resolve theeissuesChemical

oxidization and polyelectrolyte functionalization have been common methods for



preparing stable CNT dispersion and have prdkeir validity to produce good
disperson in waterwithout the need for charging salts or surfactd@ts.43]. Under
an application o&direct current field, however, water electrolysis agldtedbubble
formation at the working electrodes are potential problems, vdaichmit the

electic field intensityapplied andesult in long depositionmes. An attractive
solution for the aqueous EPD is the introductioarmélternating current (AC) electric

field where water electrolysis can be suppressed under certain congfdpns

1.3.2 Alternati ng Current (AC) EPD

Even thoughhe use of aqueous CNT suspensions for EPD is attragtider
DC conditionswater electrolysis and bubble formation can be problersatee it can
affect the coating uniformityElectrolysiscan beminimizedby applyinglower electric
fields, butthis reduces théeposition ratendthroughput speefibr coatings of a
desired thicknes$45] An attractive solution to suppress the electrochemical reactions
in aqueous EPD is to utilize pulsed DCASE electricfields [46, 47]. Unlike DC EPD
which hasa constant magnitude electric field, the voltage of an AC system
periodically reverses the direction of the current with either a positive or negative
polarity, and changes the magnitude continuously, dependent on the waveform
employed. It is known that the chemical reactions on the electrodes associated with
water decomposition asdow becaus®f therequiredelectron transfer and molecular
rearrangemeniAn AC field with a sufficiently high frequency can reduce the current
flow through thedoublelayercapacitance formed at the electrode interface, leading to
decreased electrochemical reactié8, 49].

Taking advantage @&AC field signalsto redue bubble formation and pH

gradiens at the vicinity oftheelectrodes, AC EPD has been applied to a variety of



inorganic particles and carbon nanotutzesreatehomogeneous and uniform

coatings. Thick films or nanostructured assenddof inorganic materials were

achieved for the purpose of sensor applicatidhs. dternating field is not only

effective in modifying coating structures but applicable to the control of CNT
orientation, particle size separation and purificaf#8j. In the field of biotechnology,

AC EPDhas been employed to manipulate biologicalenals and devices due to its

less invasive nature to living organisms that have limited tolerance to a strong electric
current or drastic pH changfb0, 51].

An AC voltage keeps generating a certain waveforanaectric signal
repeatedly at a frequey, and the signal geometry varies depending on its shape or
symmetry. Aternating currentields with a netzero integrabreknown to effectively
suppress the gas evolutiandminimize the influence of water electrolysis.
SymmetricAC waveformsare raely used for EPD because the particle movement in
one diredbn is counterbalanced by the following opposite directional movement. One
of the ways to make an effective migration of particles without generating the net
electrical current is to design an asyetric field by modulating the amplitude and
time spans of the positive and negative peaks within a pulse. Those signals are
characterized by an identical area of the positive and negative peaks in the-voltage
time plot.Because the particle mobility i®nlinear with voltage, a net motion of the
particle can be achieved with an appropriately designed waveform.

In the classical theory of electrophoresis, the velocity of particle movement is
proportional to the electrophoretic mobility and field strengép. ¢ E), and this
relationship is valid for sufficiently small field strendg81, 52]. Alternating current

EPD cannot be accomplished under this linear mobility assumption because the

1C



particle displacement in one direction is theoretically canceledyathiebdisplacement
in the opposite direction. However, when strong fields are applied, the particle
velocity shows a nofinear relation with respect to the external field strength. The
interaction of an outer field with the electdoublelayerformed oncharged particles
alters the electrolyte concentration distribution, leading to the appearance of induced
potential and the local deviation of electroneutrality. A net force exerted by the
external field on the net charge of the particles with the suilingrelectrolyte
volume gives rise to nelinear electrophoresisidph~ E%) [53, 54]. Additionall
interactions between the strong field and the secondary diffuse layer can cause
superfast electrophoresis (or electrophoresis of the second kind)wimderthe
particle velocity is proportional to the square of field strength € E?). This

behavior occurs only when electrically conducting particles are exposed to high
electric field gradients to reach an o¥enit current regimg52, 55/ 57]. The paticles
governed by the nelinear electrophoresis travel a longer distance durmegaj the

two half cycles, resulting in a net displacement over a pulse.

1.3.3 Continuous Manufacturing Approaches for Multiscale Composites

As the application fields of carberanotubebased multiscale composites
diversify, industrialscale manufacturing systemwill be requiredthat arecapable of
continuously processing hierarchical fabrics. Existing batch methods have limitations
in making largeareacompositesised instructural health monitoringf bridges or
buildings and requirsubstantiatime and manpower. Also, due to the nature of EPD
where various internal and external variables exist, the heterogeneous quality of the

final product can be another problem. Therefargll-to-roll manufacturing system
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capable of depositing nanomaterials while continuously feeding the substrate can
produce functional materials with high throughput speed and uniform properties.

As shown in Table 1.1, several studies have reported tlimmaous
preparation of multiscale reinforcement hybridized with nanomaterials using various
coating techniques other than EPD, such as dip coating and chemical vapor deposition
(CVD). Even though the dip coating or wet powder impregngd&8n59] can be
conducted using simple setapith unwinding/winding components, fiber tensioner
and the CNT dispersion bath, the suspension requireséhefsurfactant additives to
prevent aggregation and to promote the deposition of CNTs electrostatically or
chemicaly on fiber tows. A few research groups have employed a CVD process to
grow carbon nanotubes on the reinforcing fibers continug@6éiy64]. Grafted CNTs
have improved interfacial mechanical properties owing to the radially grown structure
and strong mechanical interlockif@g]. Interestingly researchers havbat the
growth of CNTs can repair the fiber surface damzmesed by the prprocesses such
as desizing and catalyst coating, thereby increasing tensile propg1ie&2, 64].
However, the CVD process still has considerable room for improvement due to the
limited fabric dimension restricted by the chamber size, the necessity ofibazar

chemicals for precursor fabric treatment, and the high processing temperatures.
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As the electrophoretic deposition (EPD) technique has d&esssed to be
more amenable to scalg for largearea applications, more groups have attempted to
coat carbon nanotubes on reinforcing fabrics compared to using[@VB9]. Most
of them selected water as a solvent, and the surface charge of CNTs arasegevia
acid oxidization (anodic system) optionally followed by the addition of electrolytes for
the cathodic system. Jiang andworkers[65] have demonstrated tive situ
ultrasonication of an EPD bath can be effective for CNT coating quality ePakk
[66] and Suiet al.[67] showed that the hybridization of ERidated CNTs on carbon
fibers synergistically improves the interfacial, interlaminar, fatigggestant, and
electrical performance of hierarchical composites. It is noted that carbos fidnes
been predominantly used for substrate materials because the conductive fiber can be
utilized as an electrode. Therefore, there is a limited number of publications reporting
the continuous EPD using n@onductive fibers. Cafrtiz et al.[69] most ecently
introduced an aqueous continuous EPD system to modify-gtaess fiber surface
with multiwalled carbon nanotubes, investigating the effect of the processing bath

temperature on the coating quality and electrical conductivity.

1.4 Concluding Remarks

Lessons learned from a careful review of the existing scientific literature form
the motivation for this dissertation research. There have been limited studies to
understand the mechanisms and kinetics of CNT deposition onto porous substrates,
such as fibebundles and fabrics. Towards the tailoring of composites for functional
applications, there needs to be an understarafitige processingtructureproperty

relations of multiscale composites manufactured using EPD. Towards future

14



applications of theseultiscale composites, it is essential to study processes that are
industrially scalable.

In this dissertation, systematic studies have been conducted on the EPD of
functionalized CNTs on neoonductive fabrics, such as the film formation
mechanisms, degdion kinetics, consequential interface morphology, and
performance with respect to the processing parameters. Based on the preliminary
results of the fundamental studies, the pilot line of atostbll manufacturing system
has been constructed for largcale applications, ultimately contributing to the

commercialization of CN-based multiscale composites and smart textiles.
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Chapter 2

ELECTROPHORETIC DEPOSITION OF FUNCTIONALIZED CARBON
NANOTUBES ON NON-CONDUCTIVE FABRIC USING DIRECT CURRENT
ELECTRIC FIELD S

2.1 Introduction

In this chapter, direct current (D®psed electrophoretic deposition (EPD) is
investigated as a scalable processing technique that directly hybridizes the carbon
nanotubes onto the fiber reinforcements for hierarchical composites and smart textiles
in a batch proces3.owards optimization athe EPD processt is important to
understand thdepositionbehavior of functionalized CNT particles to form integrated
nanocomposite films at the fibaratrix interfaceSince norconductive fiberssuch as
glass oraramid,cannot belirectly used asraelectrodematerial,a conducting backup
electrodes needed in direct contact with the reinforcing fibers. In Figure 2.1, it is
shown that CNT depositiamsing this approacis achievable on a variety of non
conductive fabrics such as gld$s2], aramd [3] and wool[4] fiber in differentforms
of woven, norwoven or knittedScanning electron micrograpbisowthat the
electrophoretically deposited CNTs are uniformly coated on each filament and
throughout the fabric regardless of the fabric materialisndeaving patternlhe
uniformity of the coating at the filament level throughout the fabric substrate is quite
remarkable. This chapter focuses on understandangritierlying deposition

mechanism of film formation using a neonductive fabric backedith an electrode.
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Figure2.1: Scanning electron micrographs of electrophoretically deposited non
conductive fabrics both in low (left) and high (right) magnificatidas
b) random mat aramid fiber, (c, Byitted mix polyester fabric and (e, f)
Astroquartz Il glass fiber.

The film formation mechanism of CNTs on roonductive fabrics was
studied at different length scales from a single fiber through the woven fabric levels
using novel characterization methods. In addition to the microstructure formation, the

guantitative aalysis is performed by investigating the deposition kinetics where the
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areal weight of the deposited CNTs is examined with respect to the EPD parameters

such as an electric field strength, dispersion concentration and deposition time.

2.2 Experimental Methods

A stable dispersion system with charged particles is a preredoisée
successful EPD procesEhe preparation of an aqueous CNT dispersion system is
detailed and the fundamental setup for direct current (DC)}lii@éetd EPD is
illustrated. Sample prepation procedures are presented to investigate the-cross

sectional morphology of hierarchical composites and EPD parametric studies.

2.2.1 Carbon Nanotube Dispersion

The model system for EPD consisted of muléilled carbon nanotubes (CNT;
CM-95, Hanwha Nanotd, South Korea)The diameter and length of-esceived
nanotubes were 130 nmand12 0 e m, respecti VCarbopm, wi t h
nanotubes were mixed into ukpaire water at a concentration of 1g/L in-ater
flask. The flask was then placed into@ling bath maintained at 5°C and the mixture
was circulated through a sonicator cell (800B Flow cell, Qsonica, USA) using a
peristaltic pump (Model MUDO1, Major Science). The probe sonicator (Sonicator
3000, Misonix, USA) was equipped with a 12.7 mmandeter horn and operated at a
power of 60 W using a duty cycle of 60% (on for 15 seconds and off for 10 seconds).
Ozone gas was produced using an oxygen concentrator and ozone generator (OxyMax
8 and Ext 1261, Longevity Resources) and was continuouslytbedb into the
dispersion. The USO process was cardetfor 16 hours to oxidize the carbon
nanotubes. After the oxidation step, 2 grams of PEI was added into thetoezated

dispersion followed by sonication for an additional 4 hours at 15°C. In twrder
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protonate the amine groups of the PEI the pH of the dispersion was adjusted to 5.8
using glacial acetic acid (Siga#ddrich, USA). The functionalization approach is

illustrated inFigure 2.22].

Ozone j PEI
Sonication

Figure2.2: Schematic of the nanotube functionalization pssoghere CNTs are
oxidized using ultrasonicated ozonolysis followed by the grafting of PEI.
The amine groups in the branched PEI protonate to give the CNTs a
positive chargeenabling a stable dispersion and the electrophoretic
deposition under an electpotential.

2.2.2 Direct Current Electrophoretic Deposition

The EPD process is shown in Figure 2.3 where two parallel stastbssls
electrodes are connected to a direct current power supply and the fibrous substrate to
be coated is placed in contact with tla¢hode. Positively charged nanotubes grafted
with PEI move towards and are deposited on the negative electrode under an electrical
potential. Astroquartz Il glass fiber and glass fiber/epoxy composite rods were used
as substrate materials to be coatedh @INT-PEI for investigating the deposition
mechanism on neoonductive fabrics. Key deposition experiments include: (1)
Demonstration of the improved robustness of @HI film through EPD as

compared to dip coated film, (2) a parametric study of the-ERITdeposition
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kinetics onto fabric, (3) deposition onto fibers, filaments and fabric using perforated
electrodes, and (4) deposition onto macroscopic composite rods for visualization of
the CNT-PEI film formation.These experiments are described in thievahg

sections and the deposition parameters are summarized inZThble

Figure2.3: Schematic diagram of setup fdirect currentlectrophoretic deposition
(DC EPD)system

Table2.1: Electrophoretic deposition parameters for different experiments

. Electrode Dispersion e
Figure  Substrate (316 SS) Voltage [Gap] concentration Deposition time
25 Astroquartz Il Sheet 3,5,10,15V 1g/L 05 1, 3, 5, 10
woven fabric [3 mm] mins

2.7, 2.8 | Astroquarzlil | o oy 5V[E3mm] | 1gL 1,3, 10 mins
woven fabric

2.9 Astroquartz il Sheet 5V [3mm] lg/L 20 secs, 5 mins
woven fabric

211 Astroquartz Ill | Sheet with 20/ 5V [7 mm] 1 a/l 1, 30 mins

' single flament | mm hole 0 V (dip coat.) 9 1 min (dip coat.)

Astroquartz Il | Perforated ;

2.14 woven fabric Sheet 5V [7 mm] 0.25g/L 2, 10, 30 mins

015 | EOBSSUD | oo 5V[7mm] |1gL 1,3, 5 mins
fabric
Glass fiber :

217 composite rod Sheet 10V [7 mm] 1g/L 5, 30 mins
Glass fiber .

2.18 composite rods Sheet 10V [7 mm] 1g/L 40 mins
Astroquartz 11l 5V [7 mm] 1 min

2.19 wovenfabric Sheet 0 V (dip coat.) 1glL 1 min (dip coat.)
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The fabric substrate for EPD was Astroquartz Il glass fabric (4581 style,
finish: 9837 polyester, JPS Composite Materials, USA) woven inkarr@ess satin
pattern, and the anodes and cathodes used for depositiostaiatesssteel(316 SS,
McMasterCarr, USA).For macroscopic visualization of the film growth from the
electrode, 1.58 mm diameter glass fiber/epoxy composite rods were u&éd (G

Garolite, McMastetCarr, USA).

2.2.3 Parametric Investigation of EPD Process

For quantitative aalysis of the areal density of the coating as a function of
time and electric field strength, a customized 3D printed fixture, showigume 2.4
was manufactured to maintain a unifoelectrode gap of 3 mm and a controlled
deposition area of 5.5 @mAstroquartz Il woven fabric cut to dimensions of 50.8 x
25.4 mm was used as the substrate. To investigate the effect of the electric field on
deposition, a 1 g/L CNPEI dispersion was used under applied voltages of 3, 5, 10,

and 15 V with varying depositiotimes up to 10 minutes.

Cathode

Astroquartz
Fabric

3D Printed

Fixture 1
Anode S’\/ ”

Figure2.4: Customized 3D printed fixture for a constant gap and deposition area.
Astroquartz lllwoven fabrics and the fixtures were doubided on the
center cathode to produce two different coated fabrics at a time.
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2.2.4 Composites Manufacturing

To investigate the hierarchical structure of the coating in a fiber composite,
Astroquartz Il woven fabricoated with carbon nanotubes was impregnated with the
epoxy resin using vacuum assisted resin transfer molding (VARIEMhown in
Figure 2.5A bisphenoif epichlorohydrin epoxy resiwas usedvith an aromatic
diamine curing agent (EPON 862 and EpikureN#xion Specialty Chemicals, USA).
Among the coated fabrics usedtire parametric investigation, those deposited under
an applied electric field of 16.7 V/cm (5 V/3 mm) for 1, 3 and 10 minutes were
selectechnd placed on the mold coated with releasingnadgeekote 44NC (Loctite,
USA). Flow media was applied to aid resin infusi&poxy resin and curing agent
were mixed with a ratio of 100:26.4 and degassed in a vacuum oven at a teraperatur
of 65°C. The fabric was then infused with epoxy resin &6&d cured at 13TC for

6 hours.

Vacuum Bag
Flow Media
Peel Ply

Resin Inlet Resin Outlet

Tacky tape CNT coated Fabric

Figure2.5: Schematic of VARTM setup for manufacturing hierarchical composite
samples with epoxy matrix.
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For the crossectional morphologgtudy, cured composites were cut and
mounted in cylindrical molds usiranepoxyresin and hardener system (Extec Corp.,
USA) with a mix ratio of 100:20. The specimens were polished with sandpaper and
alumina powder (Extec Corp., USA) using a gringelisher (EcoMetTM 250,

Buehler, USA). Sandpaper grit varied from 180 to 120@ alumina particle size

varied from 12.5 to 0.05 pm.

2.2.5 Microscopic Characterization of CNT Film Morphology

To characterize the morphology of the deposition across length scales from
individual fibers to the macroscopic scales, a combination of optical and electro
microscopy was utilized. Novel scanning gallium ion microscopy (SGIM) was used to
examine the micro and nanoscale morphology of the films. SGIM images can be
obtained by the combination of a focused ion beam (FIB) and SEM setup and are
utilized as a teafique to image the distribution of the conductive carbon nanotube
network across the crasgction of the composite. As Nataragiral.[5] described,
conductive carbon nanotube coatings appear bright, whereas insulating materials, such
as glass fibers anepoxy, appear dark. This results in higimtrast images based on
the electrical conductivity of constituents. The incident gallium ions are injected and
accumulated onto the insulating materials, preventing secondary electrons (SEs) from
releasing andding detected by an SE detecMhile conducting SGIM, the
accelerating voltage was varied from 2 to 8 kV #revorking distance was kept &
mm to make the FIB and electron beams coincide. The accelerating voltage of gallium
ions was 30 kV and the gent was selected from 50, 120 or 240 pA. A higher current

value can produce high contrast and clear images but may damage the specimen.
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Optical micrographs for coated Astroquartz Il fabric and glass fiber composite
rods were obtained using a digital caemand a USB microscope (Dhtite) for
macroscopic visualization of CNFEI film growth. Scanning electron microscopy
(SEM) and novel scanning gallium ion microscopy (SGIM) was used to examine the
micro and nanoscale morphology of the films and was caedugsing a Zeiss Auriga
60 Crossbeam electron microscope. Specimens for traditional SEM images were
coated with a thin layer of Pd/Au to minimize the charging effect using a vacuum
sputter coater (Denton Desk 1V, Denton Vacuum, LLC). Accelerating vodtade
average working distance values were 3~5 kV and 8 mm, respectively, with secondary
electron mode (SESI mode in Zeiss Auriga 60). Polished SGIM samples were also
coated with Pd and Au for 10 seconds vatturrent of 18~20 pA. Coating for 10
seconds erides focusing and capturing sharper images without significant
interferencewith the accumulation of Gallium ions.

The crosssectional morphology of CNPEI coated Astroquartz 1l fabrics on
both sides in contact with the cathode and facing the ariodas investigated using
SEM after milling with FIB. The sample stage was tilted at an angle of 54° to align the
stage axis with the FIB axis. For milling, the voltage was 30aMd current values of

2 nA and 600 pAvere used for rough and fine cutting, pestively.

2.3 Deposition Kinetics

By understanding the influence of processing parameters on the deposition
kinetics of CNFPEI on Astroquartz Il glass woven fabric, it is possible to precisely
control the deposition yield as well as the microstructure.riesef experiments
were performed using thel3 printed fixture to ensure consistent electrode spacing

and constant deposition area for areal density calculations. The areal density-of CNT
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PEI was measured at varying electric fields and time intervalsasn in Figure
2.6(a). Evaluation of the deposition yield overtimdis sed on Hamaker 6s |
study the kineti cs [& 8], Equhatien?2E)Prélates tHeadepmdite r 6 s |
yield w (kg) to timet (s), electric field strengtk (V/m), dispersio concentratioiC

(g/L), electrophoretic mobility of particles(m?Vs) and deposition are@m(m?).
0 O * 0'00Qo (2.2)

This equation has been modified to consider the empirical observation that the
initially linear deposition rate plateaus with ti® 10]. Sarkar and cavorkers[11]
explained that this phenomenon is attributed to the dispersion concentration and a
decrease of particle velocity due to a shielding effect because of higher deposit
electrical resistance. However, it is siiitonclusiveand challenging to fully
understad the EPD kineticELO, 12].

In Figure 26(a), theinstantaneous deposition rate decreased as the process
proceeded for every areal density curve with the different electric field magnitudes. As
Sarkaret al.[11] and Dibaet al.[13] explained, the depti®en of charged particles and
the accumulation of insulating depastippressing the effective electric field could be
the factors that reduced the deposition rate. Comparing the density as a function of
electric field for each deposition time from 30 @eds through 10 minutes, it could be
noted thatlinear relationship between deposited mass and electric field up to 50
V/cm was applicable.

The deposition rate versus electric field strength was plotted by calculating the
slope of the areal density cerit in the linear region aheinitial portion ofcurves.

Figure 26(b) shows the deposition rate on Astroquartz Ill compared wijlags

fabric from our previous worKl4]. The compositions of the dispersions in terms of
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chemical functionality an@NT-PEI concentratiorwereidentical for both cases.

Based on Hamaker odos | aw, the dewas8%tion rat
faster than that on-Blass fiber. The differenasould beattributed to several factors

such as the type of sizing andustiure of the fabrics. Astroquartz Ill is treated with

polyester, which exhibits negative zeta potential under agueous acidic condifipns

whereas the fglass fiber has an amino silane coupling agent that forms a slightly

positively charged surface atidic pH[16]. Considering the volume fraction (AIQ:

52%, Eglass: 49.2%) and the total fiber surface areas exposed to dispersiohogber m

woven fabric (AQ Ill: 37.8 rfy E-glass: 38.1 i) are similar, it is suggested that the

primary factor is the diérent sizing treatment on each fabric. The specification of

both fabrics is given iifable 2.2.
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Figure2.6: (a) Areal density of carbon nanotubes on Astroquartz Il fabric as a
function of time at varying electric field strength and (b) comparison of
thedeposition rate of CN-PEIs on Astroquartz 11l and-glass fabrics in
the prior work [H]. Deposition rate oar time up to 10 min decreases for
each curve of the applied electric field in (B)e initial deposition rate
on Astroquartz Il is approximately 82% faster tlanE-glass fabric.
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Table2.2: Specification of Astroquartz Il and-glass unidirectional glagibers [2]

Astroquartz Il E-glass
Sizing Polyester (JPS finish Amino silane (Thayercraft
9837) 6224C)
Filament diameterd) 14 pm 10 pm
Weaving style 8 harness satin Unidirectional (nominal)
Count (Warp/Fill) 47/44 ends/inch 66/13 ends/inch
Fabric thickness 250 pm 165 pm
Areal density 286 g/nt 203 g/nt
Material density 2.2 glenmt 2.5 g/cmi
_Average_number of 240 390
filaments in a towN])
Volume fraction 52.0 % 49.2 %
Total fiber surface are,
per 1 nt of woven 37.8 nt 38.1 nt
fabric

2.4 Novelin situ CNT Film Growth Mechanism

When depositing PEunctionalized carbon nanotubes onto fwmmductive
fibers, the fiberfabricis backed with a metallic electrad&/e observed that the fabric
would sometimes lose contact with the backing electrode due to gas bubbles that form
because of the electrolysis of water. In the regions that were not in direct contact with
the electrode, we noted that there was a reducatthgoof carbomanotubesFigure
2.7(a) shows a preliminary experiment where CREIs were deposited onto non
conductive Eglass fabric. Insulating glass fiber epoxy composite blocks were placed
on the electrode to raise the center part of the fabripeewknt direct contact with the
working electrode. Figure Ab) represents the photos of the fabric after EPD for 2
minutes in 1 g/L CNIPEI dispersion. The area directly over the insulating glass
epoxy spacers had a very similar visual appearance asghsuspended directly

above the electrod@his indicates that any CNTs on the fabric not in contact with the
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electrodd both over the insulating spacer or suspended over the elettiodee to

simply dipping the fabric into the dispersion and na¢ thuthe EPD process.

Furthermore, in our earlier research, we also noted that the side of the fabric in contact
with the cathode was often darker than the opposite surface facing the anode. This
suggests that contact with the metallic electrode playsipartant role in the

formation of the CNTPEI film on the fibers and is not simply a physical, Jofesight

deposition.

Electrode Fabric Insulating Spacer

%_I
Contact with  Suspended Contact with
Electrode over Electrode Insulating Spacer

Figure2.7: (a) The configuration cEPDusing glass fiber to examine the influence
of intimate contact and (b) the CNAEI coated fabric &r deposition.
Thefabric indirectcontact withthe electrodas a dark black color
indicatinga denseoatingof CNT-PElwhereas the part e fabric not
in contact withthe electrode was not fully covered witAnotube and
was light gray in colar
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2.4.1 Proposed CNT Film Formation Mechanismand Deposited Film
Morphology on Astroquartz 11l Glass Fabric

Based orobservations in preliminary experiments, we believe that the initial
deposition occurs first onto the metallic electrode. Zhitomif$ky suggestedhat
deposition occurs because of localized pH gradients at the electrode interface due to
water electrolysis. The increase of pH near the cathode can cause the PEI to
deprotonate, resulting in precipitation. Besra anevodkers[18] validated this using
a pulseeDC approach to control electrolysis. In addition of the influence of
electrochemical reactiodepositionalso caroccur througtdoublelayerdistortion
and thinning, followed by coagulation of the particles on the eleztasisuggested
by Sarlar and Nicholson11] It is noted that the aggregation of particles under EPD
can be explained by the combination of various mechanisms, but further verification is
still required due to the lack of empirical resuji®]

Figure 28(a) shows our proposedechanism of the CNPEI film formation
throughout a bundle of fiberBased on experimental observations during
electrophoretic deposition on a variety of raanductive substrates, it is hypothesized
that the carbon nanotubes first deposit onto the electrode surface. Under DC
conditions, the electrolysis results in pH geads that would derotonate the PEI on
the CNT and result in precipitation of the film on the electrode surfecthe
deposited film forms on the electrode surface, it is likely that thebfdgirs to coat
the electrode anfibers that are imlirectcontact with the electroddheCNT-PEI
depositiorthen acts as an extension of #iectrodevhere CNTs form an electrically
conductive networKThis network continues to grow throughout the fiber network
until the fibers are all uniformly coatedt longertimes, a thicker CNT film begins to

form on the bundle surface. This mechanism is supported by our experimental
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observations of composite cressctional morphology shown in the SGIM

micrographs in Figures &b-d), as described in the following section.

+ o+ 4+ + 4+ o+ + 4+ + + + 4+ + + o+ o+ o+ + o+ + o+ 4+ o+ + o+ o+ o+ o+ o+
Initial Nanotube Deposition  Film Growth and Fiber Bridging Uniform Nanotube Coating

e dives A5,

Increasing Deposition Time

+ + + + + + + + + + + o+ + + + + + + + + + + + + + o+ + + + + + + + + + +

Figure2.8: (@) An illustration otthe proposed carbon nanotube deposition
mechanism on neoonductive fabricUniform nanotube coatings on
each filament within the fiber bundle is initiated by direct contact
between the fibers and electrode eectrically percolated CNPEI

network is expected to act as an extended electrode where consecutive
deposition occurgb-d) Scanning galliumon micrographs for the cross

sectionAstroquartz IICNT-PEVepoxy composites with different

deposition time;lf) no nanotubes deposited)  min,and(d) 3 min
The individual fibers are uniformly coated by nanotubes througheut
bundle.
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2.4.2 CNT Composite Film Morphology

In order to understand the film morphology through the thickness of the fiber
compositespecimensleposited under a field strengthld.7 V/cmwere analyzed
using electron microscopy. Because of the large digparscales between the
coating thickness on the individual fibers (~38@ nm) and the thickness of the fiber
bundles (100+ um) the coatings are difficult to image using conventional optical or
scanning electron microscopy. SGIM was used to imagdrietige where the
conductive networks of carbon nanotubes and insulating areas (fiber and matrix)
appear abright and dark regia) respectively.

Figure 28(bi d) shows SGIM images of specimens crssstioned at different
deposition times. In Figure&b), where no nanotubes have been deposited onto the
fabric, it is difficult to distinguish between the idividual fibers and the polymer
matrix since there is little contrast-lieveen the two phases because they are both
nortconductive. After EPD for inin (Figure 28(c)), the fibers are clearly visible
because of a bright ring around the fibers at the fiber/matrix interface. At a deposition
time of 1 min, almosall of thefibers throughout the bundle are completely coated
with the conductive CN-PEI nework. The fibers close tthe cathode were observed
to have thicker coatirgghan the outer fibers. At longer deposition times (Figure
2.8(d)), each fiber within the bundle is uniformly coated with ai 200 nm thick
nanocomposite film.

After the completeoating of the fabric with carbon nanotubes, it acts as an
extension of the electrode due to the conductivity of the carbon nanotubes. As a result,
the nanotubesubsequentlgtart to buildup on the surface of the fabric facing the
anode because the estfiber bundle has reached electrical percolation and the

nanotubes do not penetrate further into the ibtradleregion. As shown in Figure
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2.9, nanotube films with a thickness of several microns can be formed on interlaminar
regions at longer depositidimes while the uniform coatings on each filament are
maintained. The film thickness on the outermost surface can be tailored by controlling
the processing parameters such as deposition time, electric field strength and the
concentration of dispersionh& ability to tailor the carbon nanotube film thickness is
specificallyessentiafor manipulating the film microstructure for specific

applications. For example, a thicker coating on the outer surface can potentially be
used for interlaminar reinforcement in compositelsereas the thin fibdevel coating
within the bundle can modifthe fiber/matrix interfaceFor applicationshatrequire

higher electrical conductivity, such as se#fating fabrics, a thick film on the outside
could be beneficial. On the other hand, for applications in smart textiles, a thicker film

could lead to réuced sensitivity and increased stiffness of the fabric.

+ 0+ + + + 4+ o+ o+ o+ o+ o+ o+ 4

Further Deposition Times

Composite Film with
Tailorable Thickness

3 ¢ ) %
ot coun «5%9491%9;%,

Figure2.9: Schematic (left) and micrograph (right) showing the structure at long
deposition times where the carbon nanocomposite film bupgdsn the
surface of the fabric once electrical percolatioreached, showing the
possibility for selective, hierarchical reinforcement of interlaminar
regions.
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A focused ion bear(FIB) was used to crossection individual fibers in the
Astroquartz Il fabric on the side of the fabric in contact with the cathod¢henside
facing the anode to view the coating on the fib&vgo different specimens with
different deposition times, 2@sand 5 min, were investigated under SEM and are
shown in Figire 210. Figures 210(a, c) are crossections of the fibers depogitéor
20 condwn the side facing the anode and in direct contact with the cathode,
respectively. Both merographs show a very thin film of carbon nanotubes on the
surface of the fiber, with thickness in the range ofi P00 nm. Figires 210(b, d)
show eosssections of fibers deposited for 5 miason the side facing the anode and
in direct contact with the cathode, respectively. IruFeg210(b), which is facing the
anode, a thicker, porous film can be observed on the surfacee Rj0(c), which is
in contact with the cathode, shows a similar morphology and film thickness observed
at the shorter deposition times. In all the specimens, we have observed evidence of
fiber-fiber bridging of theCNT-PEIfilm, suggesting that the film extends from fiber

to fiber.
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Figure2.10: SEM images of the crossections of Astroquartz lll fibers (a, b) facing
the anode and (c, d) in direct contact with the cathode for (a, c) 20 s and
(b, d) 5 min

2.4.3 CNT Film Extension at Different Length Scales

To better understand the menisan of film formation, a series of EPD
experiments at different length scales were desigsedy Astroquartz Il single
filaments, bundles, and woven fabras perforated electrodes to validate that the

CNT film forms asan extension of the electrodéer the initial deposition.

2.4.3.1 Single FilamentCNT Film Growth

For the single fiber and bundle experimestroquartz 11l bundles were
extracted from the woven fabric and then individual filaments were extracted from the
bundles. For EPD, the fibers and dies were fixed across a 3&&inlesssteel
electrode with a 20 mm diameter hole, as shown in Figdde EPD was conducted

using a 1 g/L dispersion under a field strength of 7.14 V/cm for 1 and 30 minutes. Dip
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coating was performed using the same dispersion for 1 minute without applying an
electric field. For electrical measurements, silver paint (HaghSilver Conductive

Paint, SPI Supplies, USA) was applied to the bundles after drying to create electrodes
20 mm apart, corresponding to the diameter of the electrode hole. A handheld
multimeter (Fluke 177 TRMS) was then used for two probe resistance measus.

It was observeddm SGIM images in Figre 28 thatthe initial CNT-PEI film
forms very rapidly, taking less than a minukee CNT dispersion was diluted with
ultra-pure water from 1 g/L to 0.25 g/L in order to reduce the deposition rate and
examne the formation of thENT-PEI coating.Figure 2.2 shows SEM images of
Astroquartz Il single filaments coated by the dip coating and the EPD for 1 min and
30 min. As shown in Figure 2ZLl1micrographs were taken at three different locations
on the filamats relative to the electrode: (x) the filament in contact with the electrode,
(y) the position ~1 mm away from the edge of the hole, and (z) the center of the hole.
The nanotube coating density was evaluated using the threshold function of image
analysigtool, Fiji-image J20i 22], as shown in Figure 231All imagesfrom Figure
2.12 were converted to 8 bit grayscale and processed with a bandpass filter for
homogeneous brightness and signal within an imalge tifeshold values of each
image were calculateby the mean threshol@d2] to determine the percentage of
CNT-coatedarea.

The CNTFPEI density on the dip coated single filaments at each location was
similar and the threshold values for areal coverage are distributed in a narrow range
between 6.5 and.7% (Figure 2.2(ai ¢)). After 1 min of EPD (Figure 22{di f)), the
carbon nanotubes show a clear variation in the CNT density along the fiber surface

across the hole. The areal coverage values at the three locations show 54.32% in
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contact with the electde (x), 32.52% 1 mm from the electrode (y) and 15.34% at the
center of the hole (z). The CNT film density clearly varies along the fiber suspended
over the hole, indicating the film grows along the fiber. In fact, Figurg&Jlwhere

the filament is in dect contact with the electrogehows the fiber surfadally coated
with CNT-PEI, but thereasorthethreshold value is below 60% is because of the
topographic features of the coatings due to the porous structure of the nanotube
network. This also coniins that the nanotube densities of EPD are substantially

higher than the dip coated samples.

Figure2.11: Schematic of the test setup using Astroquartz Il filaments and bundles
with single holed electrod®licrographs were taken at locations x, y and
z whichrepresent the relative positions on the filansgdinstthe holed
electrode: in contact with electrode (x), 1 mm out of electrode (y) and
center of the hole (z2)
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Dip Coating

DC EPD

Figure2.12: SEM images of depositegdNT-PEI morphology from single filament
test. Dip coatin@ndEPD (1, 30 mirutes)samples are represented from
the first through the third row. Letters x, y and z for each column
correspond to the different locations on a coated filament depicted in
Figure 2.11.
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Dip Coating

EPD 1 min

Figure2.13: Theimages ofCNT-PEI coatedilamentsin Figure 2.2 after
thresholding pixels to represent them with black and white using Fiji
Image J software. The threshold values of each image were calculated:
(a) 6.54 %, (b) 6.46 %, (c) 7.68 %, (d) 54.32 %, (e) 32.52r#¥ (f)
15.34 %.

The electrical resistivity Jaes of Astroquartz Il bundles coated following the
same procedure were compared for qualitative evaluation of axialRENT
deposition. The electrical resistance of the dip coated specimens was too high to
measure, but the 5 and 10 min EPD specimensvd&re8 0 k q/ mm and 153 k¢
respectively. The decrease in electrical resistance supports that the coating thickness
increases at longer deposition timasdthis resultagrees wellith the SEM
morphology in Figre 2.2. Dip coating is a relatively slow drpassive procese

deposit CNTs despite its simplicity. Theseno specific driving forcen the dip
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coatingto tailor the thickness of nanotube filnvgherea€£PD can create a uniform
and electrically conductive coating on each filament throughodabre within a

short period.

2.4.3.2 Woven FabricsCNT Film Growth

As discussed previously, one of the challenges of EPD onto-eamatuctive
fabric is the formation of oxygen or hydrogen bubbles due to the electrolysis of water,
which can lift the fabric off tb electrode. In the case of our cathodic system, hydrogen
bubbles lift the fabric off the electrode. One potential approach to avoid the fabric lift
off phenomena due to the entrapped gas is to use a porous or perforated electrode
release the gas bubbl&PRD was performed on woven Astroquartz Il fabric with a
perforated cathode to further validate the GREI deposition mechanism in the
woven fabric scale, along with the results on the single fibers and bundles
demonstrating that the CNFEI film advanceslong the length of the fiber as an
extension of the electrode. Figure £shows the schematics of experimental setup
where the fabric is placed in contact with the perforated cathode and facing with solid
stainlesssteel anode. The perforated cathods &6 stainlessteel with a hole
diameter of 3.2 mm aralcenterto-center distance of 4.8 mm between the adjacent
holes. A glass fiber composite spacer was designed to fix the fabric on the cathode and
to maintain a gap of 7 mm between electrodes. A bofrh g/L CNT-PEI dispersion
was diluted to 0.25 g/L by adding 150 ml of uifrare water and sonicated for 2 hours
in a bath sonicator (Branson® 1510, Branson Ultrasonics Corp., USA) to slow down
the deposition. The EPD voltage was 5 V and the depositenwas varied at 2, 10

and 30 minutes.
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Astroquartz Il
Fabric

Spacer

Figure2.14. Schematic of the test setup using AstroquartwéivVen fabric witha
perforated electrode. The insulating spacer holds the fabric and maintains
agap of 7 mm between the perforated cathode and solid anode.

After EPD for 2 minutes (Figure 5(a)), the dark colored pattern exhibited on
the fabric followed the perforation pattern of the electrode, where the regions directly
in contact with the electrode were more densely covered with CNTs than the fabric
are& placed on the holes. As the deposition time increased to 10 and 30 minutes
(Figures 2.5(b, c)), the pattern disappeared and a uniform, dark coating was observed.
The CNT-PEI film grew in the irplane direction and covered the portafrthe fabric
thatwas not in direct contact witihe electrode and this resulls consistent with our
observations on thgrevious tests with th&ingle fibers and bundlek.is noted that
the CNT-PEI film extension behavior under EPD occurs in all length scales from
individual fibers through the woven fabric level, supporting the proposed film

formation mechanism.
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Figure2.15: Photographs of th€ENT-PEI coating on the Astroquartz Il fabrics after
EPDon the perforated electrofler different times (a) 2 min, (b) 10 min
and (c) 30 min

2.4.3.3 Growth of the CNT Film over an Insulating Tape Surface

Figure 2.5 represents the photographs of GREI film extensions on the
electrically insulating tapes used to fix thayass unidirectiondabric (Style 7721,
Thayercraft Inc., USA) on the stainlest®el electrode. After 1 minute of EPD, the
tape region in contact with the glass falstarted to be coated by CNAEI film with
a uniform thickness along the edge. For 3 and 5 minutes oéfud#position, the film
gradually grewby attaching the active CNT particles onto the existing hanotube
coatings. The experimental result additionally supports the film extension behavior
occurring through the electrically percolated CNT network creat¢deonon

conductive substrate.
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Figure2.16: Photographs of CNT growth on the electrically insulating tape as EPD
progresses up to 5 minutes. Tapes were used to fix the glass fabric on the
stainlesssteel electrode.

2.4.4 Macroscopic Visualization of Film Formation

In order to gain more insight into how the film is formed on fibers in a
multidirectional fabric and visualize the growth behavior at the macroscopic scale,
EPD experiments were carried out using-gonductive glass fiber/epoxy composite
rods. The compostrod was fixed oa stainlessteelelectrode and a 7 mm spacer
was used between the cathode and anode (Figuf@p.IThe dispersion
concentration was 1 g/L and a voltage of 10 V was applied for 5 and 30 minutes for
comparison. Two different multipl@yer experiments were designed by varying the
arrangement of the first and second layers of the rods in parallel (Figi¢e)2tb

mimic a fiber bundle and perpendicular (Figure7g)) to mimic a woven fabric.
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These experiments were performed withghme field strength and CNT

concentration, but the deposition time increased to 40 minutes.

Figure2.17: Schematic of different EPD setups using glass fiber/epoxy composite
rods. (a) Single rod test addublelayered rods in (b) parallel and (c)
perpendiculaarrangements.

At the macroscopic scale, we can directly view the film formation, which is
difficult to observe in the microanged fiber experiments. These experiments allow us
to visualize indirectly how the CNPEI film is formed around the fibers as W
how the film extends from fiber to fiber. The photographs in Figuréshaw that the
film advances around the glasgoxy composite rod at different EPD times. The
CNT-PEI initially formed a coating onto the rod surface in contact with the electrode
and advanced the film around the rodiicircumferential direction. The electron
micrographs of the uncoated and coated regions after 5 minutes of EPD in Figures
2.18(b, c) show that the uniform CNT coatings were created on the bottom and they

graduallydisappeared as away from the contact point with the working electrode.
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Electrode

Figure2.18: (a) Carbon nanotube films on glass fiber/epoxy composite rod after 5 and
30 mirutes ofEPD. It is depicted by the optical micrographs of the side
view and schematics of the csesection, respectivelyb, ¢) SEM
images of the uncoated and coated regions of 5 minute specimen in (a).

Figure 2.B(a) shows the deposition onto an array of stacked-glassy rods
mimicking a fiber bundle where the CNT film advances to the second layer of fibers
by bridging between the rods through the contact lines. This behavior was similar to
the fiberfiber bridgng observed in the electron micrographs in Figur@sgd 210.

The second arrangement (Figure2?h)), where two layers of the glass rods were
stacked perpendicular to each other, was meant to mimic the extension of the film
from one bundle to anothar a woven fabric. The photographs show that the rods in
direct contact with the electrode are completely coated and theRENToating

begins to form on the second layer of glass rods at the contact points.
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Figure2.19: Schematics ofloublelayered glass rod experiments and the pictures of
the resultingCNT films afterEPD. (a) Parallel andb) perpendicular
arrangements of two layers are represented.

2.5 Comparison of CNT Film Robustness: EPD vs Dip Coating

In order tocomparethe robustness of tH@NT-PEI film processed by the dip
coating and EPDAstroquartz Il fabrics wereoatedfor 1 mirute by usingboth
coating techniques, respectively tire 1 g/L dispersionn the case oEPD, the
voltage difference was 5 V with an electrode gap of 7 ivet.spe¢cmens were dried
at 85C for 1 hin a convection oveand then subjected to a bath sonication
(Branson® 1510, Branson Ultrasonics Corp., USA) in deionized water for 13min

Figure 220, the morphology of the fiber surfaces was compared beforafeerdhe

sonication. For the dip coated sample, there was a visible difference in the nanotube

density on the fiber surface before (Figur2(ga)) and after (Figure 20(b))

sonication. The EP{processed fiber surface not in direct contact with therelget
was viewed in Figure 20(c), and a uniform and more dense coating of GNET was
observed. After sonication in Figure(d), there was no significant difference in the
morphology and density, demonstrating the robust bonding ofRRITo the fiber

surface undethe EPD process. The results imply that chemical or physical
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interactions between the CNAEI particles and the glass fiber surface were facilitated
by EPD, where the application afelectrical field or current might have altered the

CNT-PEI chemistry by introducing electrochemical phenomena.

Dip' Coating

EPD

Figure2.20: Scanning electron micrographs@RNT-PEIs on Astroquartz Il fabrics
(a) after dip coating for 1 min, (b) after dip coating and sonication, (c)
after EPD for 1 min and (d) after EPD and sota

2.6 Summary and Conclusions

Using an efficient and rapid electrophoretic deposition (EPD) technique to
deposit nanostructured films of carbon nanotubes enables the creation of

multifunctional composites and textiles at room temperature and without any
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hazardous chemicalk this chgter, a model system of RElnctionalized carbon
nanotubes deposited onto Astroquartz Il glass fabric was studied to better understand
the CNT deposition mechanism onto raanductive fabrics backed with a conductive
electrode. A 3D printed specimen hetdvas designed to investigate the deposition
kinetics and establish the interrelationship between EPD process parameters and
depositionratek t i s shown that Hamakerds | aw i s a
between the deposit weight and electigtdf strength up to 50 V/cm. Still, there is

room for improvement in predicting the deposition yield in terms of other parameters.
Knowledge of kinetics igssentiato establishing processing windows. In previous
studies of EPD on neconductive fabricsan unusually uniform fibelevel coating

was observed throughout the fiber bundles. This observation led to a hypothesis of the
mechanism of film formation. Key experiments were designed across varying length
scales to validate the hypothesized mechanism.

The CNTFPEI nanotubes are positively charged and the mechanism of film
formation on norconductive textiles is unique and different from what has been
observed in the literature for conductive substrates. The film deposition initiates at the
cathode, likéy due to the destabilization of the carbon nanotubes by a local pH
gradient due to water electrolysis. By investigating the film growth mechanism at
different length scales from a single fiber to a fabric and macroscopic composite rods,
it is observed theahe formation of intimate contact between the textile and the
electrode is required. The film grows first by deposition onto the cathode followed by
advancing growth throughout the fiber bundle or fabric where the conductive CNT

coating acts as an extéms of the electrode.
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A uniform nanocomposite film is created on all the fibers within the bundles,
and by varying the process paramettrs film thickness can be tailored for specific
applications. Although the experimental system was focused on aaabotubes and
glass fabric, the deposition mechanism can be applied to other electrically conductive
nanoparticles, such as graphene, onto a wide range of other natural and synthetic non
conductive fibers. SGIM and SEMeneused to characterize the filmayvth around
nonrconductive Astroquartz Il glass fiberBhe nanocomposite film deposited using
EPD is more robust when compared to dip coating, which is possibly due to the
chemical bonding formed between the GREI with the fiber surface when deposited
using EPD.

The results from this research provaleritical understandingf the
mechanism of film formation using EPD and will play an important role in scaling up
the EPD process to a rdb-roll process with applications that include novel

hierarchially structured composites, energy storage, and smart textiles
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Chapter 3

ALTERNATING CURRENT ELECTROPHORETIC DEPOSITION : AN
INNOVATIVE APPROACH TO TAILOR NANOCOMPOSITE
INTERFACIAL MICROSTRUCTURE AND THROUGH -THICKNESS
PROPERTIES OF HIERA RCHICAL CO MPOSITES

3.1 Introduction

The use of a direct curreatectrophoretic depositiafipC EPD) allows
processingt a higher rate with lower energy consumption but has limited ability to
modify the intrabundleregions of fabric substrates due to the side effects caused by
vigorous water electrolysis, including gas evolution and high pH gradients that can
destabiliz the dispersion. Alternating current EPD (AC EPD), with sufficiently high
frequency, is capable of suppressing the water electrolysis, and altering the film
formation mechanisms and morphology within the reinforcing fabri€Chapter 3an
asymmetric tingular AC waveform with zernet DC component is applied to EPD
to achieve unique carbon nanotube (CNT) film structures by controlling the thickness
and distribution within the fabric architecture. Different interfacial morphologies and
film distributionscreated by AC and DC EPD are characterized by comptming
electrical conductivity of fouply composite laminates for the-plane and through
thickness directions, as the CNTs are the only conductive constituent in the multiscale
composite. The influere of porous electrodes on deposition kinetics and electrical
conductivity is also investigated as the open pores provide the paths to dissipate

evolved gas and feed active CNTs into the EPD region.
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3.2 Experimental Procedures

3.2.1 Materials and Carbon Nanotube Digpersion

Thematerialcomposition and carbon nanotube (CNT) dispersion syliem
EPDare the samasthe DC EPD study presented in ChapteffBeaqueousCNT
dispersion was prepareging the ultrasonicated ozonolysis (USO) process and
functionalized with branched polyethyleneimine (PEhe fabric substrate for EPD
was Astroquartz Il glass fabric woven in aih@ness satin pattern, and the electrodes
used for deposition wegainlesssteel(316 SS, McMaste€arr, USA) or 2 mm thick
nickel foam (Celmet grade #4pore size: 0.45 mm; surface area per volume: 2,500
mm?mm?, Sumitomo Electric Industries, Japan). Composites manufactured for
microscopic characterization used a bisphdrmgichlorohydrin epoxy resin with an
aromatic diamine curing agent (EPON 862 and Epikure W, Hexion Specialty
Chemicals, USAlsing the VARTMprocess described in Chapter 2.

3.2.2 Alternating Current Electrophoretic Deposition

The setup for AC EPD consisted of an arbitrary waveform generator (RIGOL
DG 1022A, RIGOL Technologies, USA) aadamplifier (PCR500M, Kikusui
America Inc., USA), as depicted ngure3.1 Output voltages applied on the source
and neutral electrodes were monitored by an oscilloscope-(O3a2A, Agilent
Technologies, USA). The generated asymmetric waveform of an alternating current
electric field is illustrated in Figur@.2 The signal consisted of two consecutive
isosceles triangular pulses (A and B) with different heights and widths in the opposite
direction. The ratio of each pulse heighifes) was adjusted to be equal to the ratio
of the pulse width gfta), and the asymaetry factor was defined by the ratio number.

One of the significant characteristics is that the time integral over a period becomes
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zero to minimize the effect of watelectrolysis Throughout this research, the
asymmetry ratio and the frequency of eliectield waveforms werenaintained att

and 50 Hz, respectivelA water bath was used to minimiizee effects of joule

heating.

Waveform Generator Amplifier Source Neutral

Sonication

H
"\/"\/\N/\}u/\,mz

H
N._N.
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Figure3.1: Schematics of setup for electrophoretic deposition (EPD) @sing
alternating current electric field consistingaoivaveform generator,
amplifier, and oscilloscope.
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Figure3.2: An AC electric field used in this research was defined by the positive

peak electric field (k) with a fixed frequency of 50 Hz and asymmetry
ratio (Ea/Es= ts/ta) of 4.
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3.2.3 Parametric Investigation

For quantitative evaluation of the deposition yield of CNWEI coating, a
customized 3D printed fixture was used illustrated in Figur8.3. [1] The fixture
has windows that confine the deposition area of 5%arrd provides intimate contact
between the fabriand electrode. The areal density of the €HI deposit was
calculated by measuring the weight difference of fabric before and after coating. The
parameters associated with an EPD system such asREINdispersion, applied
voltage and electrode types weraried to study the qualitative and quantitative
deposition behavior of CNTas presented in Table 3Two electrode types, porous
and norporous electrodes, were used to investigate the effect of open pores on AC

and DC EPD.

Cathode (DC)\_(—-:’*

— Neutral (AC)

Astroquartz Il

X;yyyyv
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QO
n
n
T
o
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(@]

3D Printed
Fixture

Anode (DC)S/\';

Source (AC)

B N A L )

G e 8 e

Figure3.3: Customized 3D printed fixture for a constant gap and deposition area.
Astroquartz Il woven fabrics and the fixtures wemiblesided on the
center electrode to produce two different coated fabrics at a time.
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Table3.1: Processingarametersised to investigatihe deposition kinetics and the

CNT-PEI morphology formation with corresponding figure numbers.

Denosition Dispersion AC: Peak Electric Field Electrode
Figure Tirrl?e [min] Concentration | (Ea) Tvoe
[9/L] DC: Electric Field yp
_ Porous,
3.5(a), 3.6 5,10,20,40| 1,2 AC, Ea =500 V/cm NOM-POrous
3.5(b) 1,3,5,10 |1 DC, E = 16.7 V/em Porous,
Non-Porous
3.7 5,10, 20,40/ 0.5,1,1.5,2 AC, Ea =500 V/icm Non-Porous
3.8 20 1,2 AC, Ep =133 ~ 600 V/cm Non-Porous
_ Porous,
3.9 40 1 AC, Ea =500 V/cm NoM-POrous
3.11 5,10, 20, 40| 2 AC, Ea =500 V/cm Porous
3.12 10 2 DC, E =16.7 V/icm Porous
3.13 @,b) 60 1 AC, Ex =500 V/cm Non-Porous
3.13 ¢, d) 30 1 DC, E=16.7 V/Icm Non-Porous
3.14 (a) 40 2 AC, Ea =500 V/cm Porous
3.14 (b) 10 1 DC, E =16.7 V/icm Non-Porous
3.15 (a) 20 2 AC, Ea =500 V/cm Non-Porous
3.15 (b) 20 2 DC, E =16.7 Vicm Non-Porous
20, 40, 60 AC, Ea =500 V/cm
3.16, 17,18 10, 20. 30 1 DC, E = 16.7 V/em Non-Porous
10, 20, 30 AC, Ea =500 V/cm
319 4,8, 12 ! DC, E = 16.V/cm Porous
AC, Ea =500 V/cm
3.20 20 2 DC, E = 16.7 V/em Non-Porous

3.2.4 Microscopic Characterization

The procedures for sample preparation and the microscopy techniques were

almost identical to those of Chapter 2. Vacuum assisted resin transfer molding

(VARTM) was conducted to infuse the epoxy resin and cure the hierarchical

composites. Vertically mountembmposite specimens were potted and polisbed

characteriz¢he crosssectional morphology undéne scanning electron microscope

(SEM) and scanning gallium ion microscope (SGIM). The detailed proceidures

microscopy studiewerediscussedan Chapter 2Section 2.2.5.
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3.2.5 Electrical Conductivity Measurement

The fixture equipped with a fabric tensioning system was designed to maintain
the consistent gap between two facing electrodes and tightly hold the fabric for
intimate contact with the substrate eleceogFigure3.4(a) The dimension of the
electrode was 50 mm70 mm. Four layered CNPEI/Astroquartz Ill/Epoxy
composite laminates were fabricated using AC and DC EPD in order to compare
electrical conductivities in the iplane and througthickness diretions. Two
electrode types, porous and Aoorous electrodes, were used and electric field
strength conditions fohC andDC EPD were selected as suggested in Talle~or
each case, deposition time was varied to make tuegositesvith CNT-PEI areal
densities ranging from 0.4 to 0.9 mg/fcrihe areal density of CNPEI of the four
layers constituting a laminate was calculated and the average and standard deviation
were used as the abscissa value on the conductivity plot.

Four plies of CNTPEI coatedAstroquartz 1l fabric were stacked and dried in
the vacuum bagging at an ambient temperature of 85°C in a convection oven for 12
hours (overnight) to compress. The premixed and degassed epoxy resin was infused
through vacuum assisted resin transfer rmgydVARTM) at 65°C and was cured at
140°C for 4 hours. As illustrated in Figuded(b) the composite laminates were
machined into rectangular and cylindrical shapes using a slot grinder (AGS
1020AHD, ACER, USA) and core drill, respectively, to measuréniptane and
throughthickness resistance.-plane specimens were-P2 mm long, 57 mm wide
and 0.91.1 mm thick, and silver paint (Flagdry Silver Conductive Paint, SPI
Supplies, USA) was applied on each end. Threthgtkness specimens were 5 mm in
diameter and silver paint was applied on top and bottom after sanding the surfaces to

expose conductive nanotube coating. Electrical wires were attached to the regions
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coated with silver paint by applying a tyart conductive epoxy adhesive (Epoxies
40-3900, USA) to minimize the contact resistanE&ctrical resistance measurements
were made using a voltagerrent meter (Keithley 6430 Sub Femtoamp Remote

Sourcemeter, Keithley Instruments, USA).

In-Plane Conductivity

Electrode
(SS316)

Through-Thickness Conductivity
Fabric

Silver

Paste
Fabric Holder

Figure3.4: (@) Schematic diagrams of fabric tensioner andsanple geometries for
conductivity measurement in thejphane and througthickness
directions

3.2.6 Resistive (Joule) Heating Measurement

The CNT dispersion with a concentration of 2 g/L was dee&PD. DC EPD
was carried out at an electric field of 20 V/cm for 5 minutes, whereas AC EPD was
conducted at a peak electric field of 150 V/cm for 40 mindiee.EPD conditions
such as deposition time and field strength were adjusted toarsakdar range of
areal density for both AC and DC cas€Ele resulting CNT densityf composites was

about 0.7 mg/cr In-plane specimens were 20.2 mm long, 2.2 mm yadd 0.8 mm
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thick, whereas througthickness specimens were 5 mm in diameter and 0.73 mm
thick on averge.In-plane and througthickness resistance of composite laminates
produced vigAC andDC EPD were visualized and compared by the temperature
changanduced byJoule heating using a power supply (PCR500M, Kikusui America
Inc., USA) and an IR camera (FLIRTS320, FLIR Systems, USAYonstant voltages

of 100 V and 50 V were applied onfhane and througthickness specimens,
respectively, for 1 minute and captured the thermal image at an ambient temperature

of 20.0°C.

3.3 Deposition Kinetics

I n the theoretical study of electrophor
a welkknown equation to calculate the deposit weight with respect to the processing
parameters associated with the particle movement within the dispersion and the

deposition orthe substrate electrodgg, 3]
0O QU 00QOQ ‘ 060 QO (3.2)

Deposition yieldw (kg) is proportional to the electrophoretic velocity of
particlesveph (UM/s), dispersion concentrati@h(g/L), deposition area (cn?) and
timet (s). Uncer the assumption of linear electrophoresis, the particle velocity is
defined by the product of electrophoretic mobijityum*cm/V s) and electric field
strengthE (V/cm). The deposition efficiency factbranges between 0 and 1,
considering that not athe particles migrated to the substrate participate in the film
formation[4i 6]. The equation has been modified in other forms to account for the

experimental deposition behaviors influenced by the concentration depletion or

electric field attenuation oveéhe processing tim@1 9]. However, there are still
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limitations in applying those equations to universal cases because of the complex
interdependency among the processing paramelersy with the lack of knowledge
of the fundamental behavior.

Whilst theelectrophoretic velocitywepn, in the nonrlinear regime is well
understood[10i 12] the practical applicatioof AC EPD to nanomaterial deposition
has received limited research attentidhe current studies aim to develop important
empirical data relating the AC field strength, dispersion concentration and deposition
time that will aidthe development of more accurairalytical solutions for predicting
CNT deposition yield under AC EPD.is speculated thaheoretical approaches for
depositiorkinetics require aadvancedinderstanding of nelinear electrophoretic
velocity, Vepn, @s a function of timelependent elégc field signal, and this is an

ongoing area of investigation.

3.3.1 Comparison of AC and DC EPD

The graphs in Figurg.5 show the CNTPEI yield deposited onto Astroquartz
Il glass fabric with respect to deposition time for two dispersion concentrations and
electrode materials under AC and DC EPD. A power law equation was applied to fit
the curves for each case where the sloghaxdurves represents the deposition rate.
Comparing the 1g/L dispersion curves of FiguBes(a, b) the deposition rates at the
beginning of the processes were approximately 0.027 and 0.068 thglarfor AC
and DC EPD, respectively. Even though a direct comparison is difficult because of the
different mechanisms of electrophoretic movement of particles under AC and DC
fields, it is observed that DC EPD with significantly lower field stren@th{V/cm)
yielded more deposited CNTSs for a given processing time than AQCERDV/cm

RMS). A significant portion of the electrical energy of an oscillating AC voltage
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contributed to the picle movements in the opposite direction, leading to a smaller
mean velocity over a period than the particle velocity created by the constant voltage
of DC fields. In addition, continuous water reduction at the cathode during DC EPD
could also have an ipact on a faster deposition rate due to the local pH increase that

facilitates the precipitation of CNIPEI onto the glass fabric substrate.

a AC EPD b DC EPD
35 : : : 0.8 \ \ \
——Porous - 2g/L ——Porous
3 |~ -Non-Porous - 2g/L i 0.7 F -+--Non-Porous
& Porous - 1g/L — (Concentration: 1g/L)
g 55 -<>--Non-Porous - 1g/L i e 06 9
> ' 2g/L %
E 3 £
> 2 1S #
D = .-
£ 15 A - i g
e fat
g 1 1 ¢
< - 1giL <
05 w1 e | B
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Figure3.5: Areal density of CNTPEI deposited on Astroquartz Il glass fabric as a
function of time for dispersion concentrations arid2 g/L in
combination with either porous or ngorous electrodes processed using
(&) AC or (b) DC EPD.

3.3.2 Effect of Porous Electroce

The initial deposition rates of CNTs on Astroquartz Il fabric when using both
porous and noporous electrodes were similar for each dispersion concentration.
(Figure 35(a) However, when the neporous electrode was used the instantaneous
deposition ate decreased at times greater than 10 minutes, whereas the slope reduction
was barely observed in the porous electrode deposifitie analysis of an electrical

current between working electrodes would assist an understanding of CNT movement
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during AC ER and their behavior with different electrodes, as the distribution of
conductive CNT particles determines the electrical resistance of dispénsibe.
presence of fibers (FiguBe6(a), the initialrootmeansquare RMS) current values

of all four cases were reduced by-380as compared to the experiment without the
fabrics in Figure 3.6(b)The decrease is because the glass fabric, an electrical
insulator, partially blocks the electrical connection between the twdglaggctrodes
and reduces the flow of charge carriémsfFigure3.6(b) the difference in RMS
current generategsingporous and noporous electrodesas negligible.The trend of
temperature changes follows the RMS current between working electrodels, wh
implies theeffect of Joule heatinigp Figures 3.6(c, d).

As an electric fieldvasapplied, the charged CNTSs located in tbgion
between the electrode and substrate faleeconcentrated toward the electrode,
while thefabric retards with thenigrationof CNTson the way to the electrode
leading to a concentration imbalangelocally CNT-depleted layer developed on
nonporous electrodes reduced the depositabe over time, whereabe electrode
with pores can immediately resolve this localigdT depletion and maintain a high
process speed. The porous electrode @soprovidealternative paths to dissipate the
gas evolving at the electrode surface during EPD, which helps to maintain the contact
between the fiber and the electrode. It is noled the differences in the deposition
rate and efficiency between the tlugesin the DC EPD yield study (Figure5ib))

could also be explained by the existence of pores on the electrodes.
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Figure3.6: Rootmeansquare (RMS) current (B) and temperature ange ¢, d)
measured between the source and neutral electrodes during AQE#D.
dotted and solid linerepresent the porous and Rporous electrodes,
respectively, and the line thickness differensake dispersion
concentrationThe dfect of nonconductive Astroquartz 1l glass fiber
substrate was compared (€a) electrodes with fabricj( d)
electrodesvithout fabrics).

3.3.3 Effect of Dispersion Concentration

Comparing the 1 and @L dispersionsn Figure3.5(a) the initial deposition
rateswere 0.027 and 0.085 mg/émin, respectively, leading to afdld increase in
deposition mass atd!L. This implies that the deposit yield is not linearly
proportional to dispersion concentration, as predicted in Equatibn Ify Figure 3.7,
the relatonship between the amount of CNPEI deposition and the dispersion
concentration exhibited exponential growth for all different deposition times from 5

through 40 minuteslhe explanation for the increasetime deposition rate for the
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higherdispersiorconcentrationss not straightforwardbut the combination of multiple
possible mechanisman inherently high density of particles in the dispersion and at
the vicinity of charged electrodes is likely to induce the coagulation and precipitation
of the CNTs lp having the individual nanotubes close enough to favor the attractive
Van der Waals force. As Cdbrtiz et al.[13] reported that the deposition efficiency at
50°C was better than the room temperature condition, the temperature increase
induced by the Jde heating due to the higher conductivity of concentrated

dispersions possibly facilitated the deposition.
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Figure3.7: Areal density of CNTPEI deposited on Astroquartz 11l fiber under AC
EPDasa function of dispersion concentration from 0.5 to 2 g/L for
different deposition times.

3.3.4 Effect of Electric Field Strength
Figure 3.8 shows the areal density of deposited ®ET on the glass fabric
with respect to the electric field intensity. EPD was conducted in 1 and 2 g/L

dispersions using a negporous stainlessteel electrode for 20 minutes.
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Experimentally obtained data for each concentration condition were fittec with

power law equationl§ & & w ). As for the effect of dispersion concentration,
asimilar conclusion as in the previous section can beeltkthat the deposition rate

in 2 g/L suspensi®was higher than in 1 g/lof all rangs of electric fields between

133 and 600 V/cmAs the electric field strength increased, the amount of €RT

coated on the fabric increased with the power expongngf 2.7 and 1.5 for 1 and 2

g/L, respectively. The nelinear increase of the density with respect to the electric

field strength is mainly because the particle movement is theoretically based on the
nortlinear electrophoretic mobility of which the paléivelocity is proportional to the
square or cubic dheapplied electric fieldThe details associated with the theories of
electrophoresis and their application are presented in the following sections. Since AC
EPD requiresi high intensity of electripotential to initialize the particle movement,

the temperature of dispersion increases with the processing time and higher CNT
content suspensions tend to be heated up fast as shown in Figure 3.6. When the high
electric fields of 533 and 600 V/cm were use@ g/L dispersion for up to 20

minutes, the dry spots were found between the fabric substrate and the solid electrode
because of the Joule heating localized at the region of initially deposited CNTs with
low resistance. Even though the dispersion beaksrkept in the coolant reservoir
maintained at 10°C, the water at the high temperature region wasttoendporate

The power exponent lower than 2 for the case of 2 g/L is primarily attributable to the
sluggish deposition rate at the extreme tempezatandition under high electric field
strength. The use of porous electr®deone ofthesolutions to ameliorate the CNT
depletion issue at the dry spots by supplying the charged nanotubes and circulating the

cooler dispersion through the open pores.
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Figure3.8: Areal density of CNTPEI on Astroquartz Il fabric as a function of peak
electric field strength. EPD was conducted using thepwous
electrode in two dispersion concentrations for 20 minutes.

3.3.5 Effect of Fabric Permeability and Free Space

Differenttypes of norconductive substrate fabrics were utilized to perform
AC EPD to investigate the influence of fabric permeability and open area on the
deposition efficiency. Astroquartz Il woven fabric angjlass fibetbased notwoven
veils with the areal taric density of 10 and 22 gfnicalled E10 and E22 in the rest of
Chapter 3) were used, and additional cases were made by stacking E10 and E22 into 3
layers (denoted by 3L). Free space was calculated by subtracting the volume occupied
by the fibers from tb nominal fabriczolume representing the porosity or void space
of the fabric at a given area (5.5 cim this case). Permeability was measured using a
customized setup following the method of Blaiiral, which derives the through

thickness permeabilitgf geotextiles[14] Porous and neporous electrodes were
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employed to study the effect of the open pores having to do with replenishing the CNT
particles.

For all cases of different fabrics, the deposited weight of CNasdaxger on
the fabric when thporous electrode was used as compareenon-porous
electrode, as was observed in Section 3.3.2. Comparing AQ Ill ar8LEdMich
have similar free space within the fabric, the deposition amount o3 E&@s
significantly larger than AQ Il regardle®f the electrode type. The permeability of
the fabric may be the primary factor for the similar reason that the porous electrode
increased the deposition rate by feeding the nanotubes through the open path.
Therefore, the highly permeable fabric was neffective inthe case of the non
porous electrode. Thiensity of CNT depositedn E1G3L was around 180% higher
than AQ Ill under nosporous electrode conditispwhereas the density of EBL
was 70% higher than AQ Ill when usitige porous electrode.

It was observed that the tripled random veil fabrics commonly increased the
deposition amount as compared to the single layer. Since the significant increase of
permeability values for 3L fabrics was most likely to be overestimated by the tripled
fabric thckness, the large free space seems to be the primaryifacftering the
spaces where the migrated CNTs were precipitated. However, further investigation is
required tadeterminghe main parameters affecting the deposition yield other than the
free s@ce and permeability. The parameters could be, for instance, the effective fiber
surface area within the fabni¢herethe CNTs can be attached or the critical opening

area at which the CNT vyield starts to decrease without being caught by the fabric.
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Figure3.9: Areal density of CNTPEI deposited on different types of fabrics along
with their free space and permeability. Abbreviated names are asgollow
AQ IlI: Astroquartz Il glass fiber; E10:4lass random veil with 10
g/m?; E22: Eglass random veil with 22/m?; 1, 3L: the number of
stacked layers. EPD was performed on porous angpamus electrodes
for 40 minutes in 1 g/L CN-PEI dispersion.

3.4 CNT Film Formation Mechanism under AC EPD

The deposition behavior of polymer functionalized CNTsionconductive
fabrics under DC EPWas investigated in Chapteyiflustrated inFigure3.100). The
local pH gradient at the electrodbric interface caused by water electrolysis played
a role in the initial deposition of nanotubes by neutralizing the surface charge,
followed by CNT film growth onto the fibers in contact with the electrode. Eledliric
conductive CNT films act as an extended electrode on which further deposition occurs
to create a nanocomposite coating with tailorable thickness. IGHlaigter a

triangular asymmetric AC fieldias applied to investigate the deposition yield and
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morphology formation ofCNT-PEI filmson glass micrdiber substrates with respect
to the processing parametdiswas hypothesized that the charged CNd@sld move
further into intrabundleregions without losing mobility by suppressing the effect of
waterdecomposition using asymmetric field AC EPD, thereby creating the unique
microstructure of the CNT network within the fahritustrated inFigure3.10(a). In
order to demonstrate the difference of CREI nanocomposite film morphology
within the woven faric created by AC and DC EPD, the electrical conductivity and
Joule heating temperature measurements are conducted irplheerand through

thickness directions of multiscale composite laminates.

a AC EPD
Counter Electrode Counter Electrode Counter Electrode
Initial Nanotube Deposition / Densification of Nanotube Intra-bundle Space Packing
Continuous Migration of CNT Through Laminate Thickness
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Figure3.10: A schematic illustration of crossectional carbn nanotube/glass fiber
composites to compare the nanocomposite film formation behaviors
under (a) alternating current (AC) and (b) direct current (BEID.
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As demonstrated by Ammam and FransHer,11]asymmetric AC signal with
sufficiently high field arplitude can generate the electrochemical reaction at the
electrodes even though the reduction of protons or water is not as vigorous as for DC
voltage. During the deposition process, a thick bubble layer that was formed during
DC EPD above the dispersioarface was not observed during AC EPD but a few
bubbles appeared for longer depositions tha@@ minutes. As the pH variation due
to the electrochemical reaction should be suppressed, onlyRENSTthat reached the
electrodedispersion interface could ldeprotonated and precipitated. The initial
deposition of CNTPEIs within the glass fabric was primarily attributable to the
doublelayerdistortion and thinning, followed by coagulation via van der Walls
attractive forces, as suggested by Sarkar and Michd8,15]

In order to understand the film formation behavior under AC EPD, a
morphology study was performed using scanning gallium ion microscopy (SGIM),
which visually differentiates the electrically conducting and insulating materials. The
conductiveCNT network is indicated by a bright region, whereas insulating glass fiber
and epoxy polymer matrix regions are dark in the SGIM images of the multiscale
composites. Figure 3.11 shows the cresstional SGIM of CNIPEI/Astroquartz Il
/Epoxy compositesabricated under AC EPD. Because of the characteristic
architecture of the 8 harness satin woven glass fabric, a morphology study was
performed by comparing the CNT structures formed at three different relative
positions within the fabric, as illustratedtime schematic diagram; (A) interlacing
point between fill and warp strands, (B) middle of two-omilulating bundles and (C)

inter-tow of warp strands and outermost region facing counter electrode.
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Figure3.11: Schematics (top) illustrate the weaving pattmd crosssectional
architecture of 8 harness satin woven Astroquartz Il fabric. Scanning
gallium ion micrographs (bottom,-(3 were taken to show the cress
sectional morphology of CNPEI/Astroquartz Il glass fabric/Epoxy
composites at different logahs within the fabric; (A) interlacing region,
(B) space between fill and warp strands and (C)-terregion of warp
strands and the outer surface of the fabric.
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In micrographs, the bottom side of the fabric is in contact with the neutral
electrodewhereas the top side is facing the source electrode, so the movement of the
charged CNTs is downward. In Figures 3.1&)athe individual fibers in the fill and
warp strands are clearly visible due to the interfacial bright rings and lines
representing i CNT-PEI coatings. The uniform coating of 2200 nm thickness on
all fibers throughout the fabric was achieved within 5 minutes of deposition.

At longer deposition times (Figures 3.14)y dense CNIPEI films witha
thickness of several microns wefeserved in the intetow regions, which are
relatively spacious compared to the gap between the single fibers within a bundle. The
mobile, charged CNTs are likely to penetrate the fabric through the highly permeable
paths between the tows, while some CN®sld diffuse into the intrbundleregion
and would be precipitated on the existing films on the fiber surface. CNTs are not
accumulated on the outermost surface of the fabric facing the source electrode up to
10 minutes of deposition (Figures 3.11fjg but begin to form coatings with the
thickness of tens of microns at that region for extended processing times (Figures
3.11(g.i, J, I)). In Figures 3.11(€h, k) that show the middle of the fill and warp tows
(B), the quantity of functionalized CNTSs imased in the inteiow region until it was
saturated. As the coating builds up internally and the penetration of the CNTSs into the
fabric decreases, the charged CNTs migrated from the bulk dispersion accumulate on
the outer surface. In the meantime, CNifgided through the single fibers of the fill
and warp strands as a result of the oscillating field and local concentration gradient.
This deposition mechanism is supported by the &M¥ET coatings of a few microns
thickness presented on the fibers wittia bundles found in Figures 3.Z1)pf the

composites processed for 40 minutes.
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As hypothesized in Figure 3.10, we confirmed from microscopy studies that
AC and DC EPD created distinctive CNPEI coating morphology within multiscale
composites due to their unique deposition mechanisms. Under an application of DC
field, 106200 nm thi& uniform CNT films were rapidly deposited on the cathode and
the nonconductive fibers throughout the fabric by the effect of pH increase due to
waterelectrolysis

As shown in Figure 3.12, CNFEI coatings with thicknesses up to a few
microns were obseed only on the outermost surface facing the anode and it was
noted that the thickness of outer GIREI films could be controlled by varying the
deposition time or electric field strengft] In contrast, AC EPD produced CNT films
that were a few microrthick and were distributed throughout the fabric from the
electrodefiber interface through the outer surface facing the counter electrode, as

shown in Figure 3.11.
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Figure3.12: Scanning gallium ion micrographs of CNPEI/Astroquartz I1l/Epoxy
composites fabrated under DC EPDOLhe ceposition was conducted
using the porous electrode in the dispersion of 2 g/L concentration for 10
minutes. Figures 3.12@ show the different locations within the fabric
corresponding to the locations of-@) marked in Figure 31.
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3.5 Microstructure of CNT Film: AC vs DC EPD

The structursof the asdeposited films under both AC and (EPDwere
examined acrogdifferentlength scaleshe macroscopic fabric, the composite/fabric
microstructural leveland the coating morphology dmet surface of the individual
fibers. Apparentdifferences are observed between the two different techniques. The
differences in the structures observed demonstrate the potential to control the

microstructure to obtain different functional properties offit@ composite.

3.5.1 Macroscopic CNT Density on Fabric

Figures3.13(@-d) are macroscopic images of Astroquartz IIl fabrics coated
with CNT-PEI using AC and DC EPD to show both fiber surfaces, facing the counter
electrodes (AC: source electrode / DC: anodel) @ntact with substrate electrodes
(AC: neutral electrode / DC: cathode). In FigaiBel 3@, b), both sides ofhefabric
specimen exhibited similar darkness, implying that CNTs successfully penetrated
woven fabric undethe AC field as explained in Seonh 34. In contrast, an obvious
fabric color difference was observed in DC EPD s#&Bgyures 3.13(c, d), where the
fabric surface facing the anode was fully covered with CNTs and the opposite surface
exhibited a light gray appearance. The majority offdlREIs were deposited on the
top surface during DC EPD, resultingdthick interlaminar coating on one side. As a
comparison between AC and DC EPD was made using the coated fabracswaiifar
total mass of CNAPEI, the surface facing the counter @ledes of the AC EPD
specimen had some lightly coated spots that revealed the fabric weaving patterns,

which are barely observed in DC EPD due to the thick CNT coatings.
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Figure3.13: Surface morphology of CNPEI coated fabrics on both sides facing the
counterelectrode (AC: source electrode / DC: anode) and in contact with
the substrate electrode (AC: neutral electrode / DC: cathode) after
processing with AC and DC EPD. Dotted frames represemrixbesed
electrode area where the deposition was performed.
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3.5.2 Intra-bundle CNT Film Morphology

The deposition behavior of CNFEI under AC EPD is distinguishable from
that of DC EPD in terms of the mechanism and resulting film morphology. The
difference comes from the impact of water electrolysis, which generates agdrog
oxygen bubbles and a local pH gradient at the electrodes. As explained and
experimentally validated in existing stud[@$,17], increased pH in the vicinity of the
cathode under DC voltages can deprotonate the PEI, resulting in the precipitation and
deposition of CNTs on the electrode. However, the asymmetric AC voltage designed
to balance positive and negative peaks forzeeb current can significantly reduce the
electrochemical reactions during the deposition process. Electrostatically charged
CNT-PEIs can keep moving under the AC field and penetrate the glass fabric without
being deprotonated and retain electrophoretic mobility. Therefore, AC EPD can create
thick CNT films at intrabundleregions, forming more conductive pathghe
throughthickness direction of laminates (Figugd 4(a). However, DC EPD can only
produce thick coatings on the fabric surface and consequently will have a greater
effect on the intefaminar regions in manufactured laminates (Figlfel(b). Our
previaus publication demonstrated that GIREI films on the individual fibers within
the bundle had reached electrical percolation and served as an extended electrode
where further deposition occurred. It is noted that the resulting-ERITilm
morphology formd by AC and DC EPD in Figur@14shows similar microstructures
as hypothesized in FiguB1Q
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Figure3.14: Crosssectional SGIM of CNIPEI coated multiscale composites
processed b{a) AC and(b) DC EPD

3.5.3 Micro -scale FiberCoating Morphology

Scanning electron micrographs (SEM) in FigBré& compare the surface
morphology of AC and DEPD by showing the top view of coated fabrics. In both
cases, the CNT films deposited on the fabric facing the counter electrode were thicker
than the single fier diameter under the processing conditions given in Tahldhe
CNT-PEI film made by AC EPD exhibited a relatively smooth surface with the
homogeneously coated CNT fibrils. (Figld5(a)) In contrast, some residual
agglomerates with less than a mitiameter were observed on the DC EPD

processed composite surface. (FigBirEs(b)) It has been known that the oscillating
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frequency influences the movement of particles, and the application of the AC field is
helpful in the selective deposition of pal¢ie with different sizes and electric charge
status[18] Reducing the effect of water decomposition using AC EPD could also
have contributed to the homogeneous and smooth surface by compactiFflgECNT
films, as AC field suppresses the nucleation or gravdas bubbleq419] Locally

different CNT density or microstructure would have a significant impact on the
mechanical and electrical performance of nanocomposites, which requires additional

investigations through localized characterization methods suchraindentation and

conductive atomic force microscopy.

Figure3.15: Scanning electron microscopy of CNPEI coating surface morphology
from the top viewfor (a) AC and (b) DC EPDCirclesin (b) represent
the residual agglomerates of CNTs deposited by DC, &Pizh are
rarely observed in AC EPD specimens.
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3.6 Tailorable Electrical Conductivity of Multiscale Composites

The different microstructures resulting from AC and DC EPD of ¢&NET in
the production of multiscale composites were characterized by meatheing
electrical conductivity for the #plane and througthickness directions. FiguB16
shows the electrical conductivity for thephane (IP) and througthickness (TT)
directions of the four ply composite laminates with respect to the areal density o
CNT-PElIs. Since the reinforcing fabric and epoxy matrix are insulating materials, the
conductivity values calculated from the measured resistance and specimen dimensions
represent the conductive pathway formed by €HI film coated throughout the
fabric. The average IP conductivity ranges of both AC and DC samplesdaped@rs
of magnitude higher than the TT conductivity. Uniformly coated CNT films on the
continuous single fibers and bundles provide the dominant conducting paths in case of
in-plane meaurement, whereas the TT conductivity is mainly governed by the
circumferential coatings of fibers and their line or point contacts in transverse
directions.

In Figure3.16 comparing the IP conductivity at a given GIREI content, DC
EPD samples exhibitither conductivity values than AC EPD. For TT conductivity,
the opposite trend was observed that AC EPD had better conductivity except for the
samples witranareal density of 0.4 mg/chwhich showed a similar conductivity
range to DC EPD specimens at’1008 S/m. As the CNT content increased, the TT
conductivity of the AC EPD composites significantly increased, implying that an
electrical percolation threshold of the nanotube netwotké TT direction could be

found between 0.4 and 0.65 mgfcm
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Figure3.16: In-plane and througthickness conductivity of four layered multiscale
composites fabricated through AC and DC EPD as a function of CNT
PEI content usingnon-porous electrode.

The diferencein electrical conductivity between AC and DC EPD in IP and
TT directions is primarily attributed to the distinctive CNT morphologies formed at
intelaminarand intrabundleregions as shown in Section®.The TT conductivity of
DC EPD showed bower rate of increase than the AC EPD, and at 0.8 nfgd€@NT
contenfthe AC EPD sample exhibited a conductivity 160 times greater than the DC
EPD laminate. According to the deposition mechanism of DC EPD in Sedciion 3.
further deposition of CNTs occaipnly on the fabric surface facing the anode, once

the individual fabric fibers are electrically connected to the cathode with a conductive
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CNT network. The thickness change of the GRHI film on the outer surface for the
DC EPD treated fabric did not ke a significant impact on the conducting network in
the througkthickness direction of laminates but brought about the improvement of in
plane conductivities. (Figui&17) In contrast, the AC field provided a more even
distribution of CNTs through theittkness of fabrics, increasing the conducting paths

within the intrabundleregion.

Figure3.17: Crosssectional micrographs @C EPD processed multiscale
compositesvith the areal density of (a) 0.45 mg/cand (b) 0.8 mg/ch
of Figure 3.16.

It is also imporant to note that when laminates have a similar thickness CNT
coating in the intetaminar region, as shown in Figure 3.18, for the AC EPD
specimens of 0.8 mg/éand DC EPD specimens of 0.45 mgfcthen the AC EPD
laminate also exhibited a 10 times gredReconductivity. Whilst the AC EPD creates
up to 1000 times increase in TT conductivity, the 10 fold increase in IP conductivity
for similar thickness CNT coatings also highlights the AC EPD films create better

electrically percolating networks.
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Figure3.18: Crosssectional micrographs &@NT-PEI multiscalecomposites(a,b)
AC and (cd) DC EPD processed composites exhibited the areal density
of 0.8 mg/cn and0.45 mg/cr, respectively, in Figure 3.16. The
thickness of intetaminar CNT films for botlsamples was similar.

Figure 3.19 shows the electrical conductivity results for four ply composite
laminates made using porous electrodes with the same experimental conditions as
Figure 3.16. All composite samples fabricated on the porous electrode ekhiBite
orders of magnitude higher conductivity than the equivalent specimens processed on
the nonporous electrodes, clearly indicating that the electrical percolation threshold of
multiscale composites shifted toward a lower CNT content when using porous

electrodes.
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Figure3.19: In-plane and througthickness conductivity of four layered multiscale
composites fabricated through AC and DC EPD as a function of CNT
PEI content using porous electrode.

Similar IP conductivities of AC and DC EPD and the reductmtine
conductivity gradient as a function of CNT content are also evidgroeeringthe
percolation threshold. In DC EPD primarily affected by water decomposition, porous
electrodes helped make stable electrical connections through the fabric thimkness
releasing gas bubbles and reducing film disruption, thereby improving the TT
conductivity by more than two orders of magnitude comparéuketoon-porous
electrode case. Multiscale composites fabricated by the combination of AC EPD and

porous electrodesxhibited a 2300old increase in TT conductivity comparedthe
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DC EPD case that used nporous electrodes with a similar CNT content. Along with
the result of deposition kinetics in Section 3.3, it can be concluded that the open pores
of electrodes noonly maintain the deposition rate as seen in the kinetics study but

also enhance the CNFEI film morphology at the nanor microlevel, enabling a

more efficient conductive network to form.

3.7 Joule Heating Measurement

The temperature change of the cosipes induced by Joule heating was
measured using an IR camera to visualize the electrical properties as an application
example of EPD that shows the capability of controlling the microstructures of the
nanomaterials. (Figur@ 20 It was demonstrated thiite electrical conductivity of
multiscale composites could be selectively modified by using AC and DC EPD. The
proportionality of the temperature increase against the reciprocal of resistance was
validated according to EquatioB.2) of the resistive heiaig wheregpT , ,a&hdt R

represent temperature difference, applied voltage, resistamtéime, respectively.

oo 0
vo 2= 32
Y =5 (32)

The average temperature change of thglame AC and DC EPD specimens
was 9.4 and 24.9°C, respectively, at an ambient temperature of 20°C and a voltage of
100 V for 1 minute. The througihickness samples of AC and DC EPD exhibited

49.3°C and 15.7°C diffences, respectively, at a voltage of 50 V for 1 minute.
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Figure3.20: Infra-red (IR) images of kplane and througthickness specimens of
CNT-PEI/Astroquartz Iligpoxy composites manufactured by lfa AC
and (c,d) DC EPD.

Since the electrical conductivity reflects not only the resistance but also the
geometryof samples, the measured resistance values were used to validate the Joule
heatingbehavior. The average resistance and temperature change of each case are
summarizedn Table 3.2For in-plane measurement, the resistance of the AC EPD
sample was 222.17 kq which was about 2.
( 8 1. O Asimkilar yalue, 2.6, was calculated from the ratio of the temperature

change of DC to AC EPD coropites (24.9/9.4). Similarly, the resistance ratio of DC
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EPD composite to AC EPD was 3.1 (34.48/11.04), and this value was obtained from

the temperature change relationship (49.3/15.7).

Table3.2: Average resistance and Joule heating temperature changplafiénand
throughthickness samples processed by AC and DC EPD.

In-Plane ThroughThickness
Resistance | Temperature Resistance | Temperature
[ kY] Change [°C] [ kY] Change [°C]
AC EPD | 222.17 9.4 11.04 49.3
DC EPD | 81.05 24.9 34.48 15.7

3.8 Potential Applications of AC EPD

EPD is an enabling techlogy that can hybridize a variety of nanomaterials
with micro-fiber reinforcements to fabricate multiscale composites for structural and
multifunctional purposes. It is shown that the scalable process cainbitiethe AC
field can modifythe microstructure of nanomaterials, tailoring the thretmtkness
conducting properties of composite laminates. AC EPD can potentially be applied to
theaerospace industry where fibrinforced plastic materials are respd to comply
with safety standards for lightning strike protectja@, 21] and electromagnetic
interference shielding22, 23] The multiscale nanocomposites modulated by AC EPD
are also promising for applications concerning anisotropic heat dissipdgimmg

and fiber protection24i 26]
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3.9 Summary and Conclusions

This chaptereports on a novel alternating current electrophoretic deposition
(AC EPD) method that can tailor the microstructure of functionalized carbon
nanotubes within multiscale compositenabling manipulation of both thepiane
and througkthickness directional electrical conductivitynlike conventional direct
current (DC) EPD, the asymmetric AC EPD, with sufficiently high frequency, can
significantly reduce the evolution of gas atd gradients by suppressing water
electrolysiswhich isdetrimentalo the efficient formation of electrically percolating
CNT networks formed during EPD. Additionally, reducing watectrolysisenables
CNTs tomaintaintheir mobility under the Adield and penetrate the woven fabric.
Consequently, AC EPD can create thick CNT films at tbtradleregions, forming
more conductive paths in the throdtjickness direction of laminates and also
achievng electrically percoladnetworks at lower CNT kdings compared to DC
EPD.

With the rapid wateelectrolysisaccompanying DC EPDhere is limited
ability to achieve substantial CNT coating within the laminates, but thick fabric
surface coating leads to the intaminar CNT films that can establishagbin-plane
conductivity of the composites. It is noted that GREI coatings created at intra
laminar regions through AC EPDVecontributed to both approximately 10 times and
1000 times increada IP and TT conductivies respectively, as compared to
counterparts of DC EPPorous electrodes prowgaths that can dissipate the gas
bubbles evolving during EPD, and active GREIs can be fed through the open pores
to facilitate the deposition. As smooth and homogeneous coatings were created by

suppressig the water electrolysis, gas dissipation through the porous electrode could
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haveasimilar effect on the CNT film formation, thereby shifting the electrical
percolation threshold to a lower nanotube content.

The outcome of this research provides a crucial understanding of the
deposition kinetics and interfacial morphology formation mechanisms using
alternating current electrophoretic deposition. Along with the potential ofta@je
manufacturing, an AC fidtbased EPD will broaden the application of multiscale
composites with tailorable electrical conductivity in the fields of multifunctional

structural composites, aerospace engineering and smart textiles.
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Chapter 4

CURE BEHAVIOR AND MECHANICAL PROPERTY OF EPOXY ALTERED
BY POLYETHYLENEIMINE 1 A FUNCTIONAL CHEMICAL FOR
ELECTROPHORETIC DEPOSITION

4.1 Introduction

An aqueous dispersion system obtained to perform electrophoretic deposition
(EPD) in this dissertation mainly consists of carbon nanotube (CNT) and
polyethyleneimine (PEI). The polyelectrolyte, PEI, serves multiples ialéhe EPD
system (1) to create the stable suspension and (2) to generate electrophoretic mobility
by offeringa positive charge othe CNT surface. In the following process of
manufacturing hierarchical composites with epoxy resin, PEIs possibly deatenst
additional functions because of the reactive amine functional groups.
Electrophoretically deposited CNHEI nanocomposite films at the fiberatrix
interface exhibit porous structures, and the PEIs on the films in contact with the
infused epoxy matrixan alter the curing behavior of epoxy, thereby altering the local
physical and mechanical proges This chapter examindkeinfluence of PEI

concentratioron thecurebehavior of epoxy and its mechanical performance.

4.2 Experimental Procedures

4.2.1 Material Information
The epoxy systerased inthis research is EPON 862 with Epikure W curing

agent Hexion Specialty Chemicals, USAJheir chemical structures are illustrated in
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Figure 4.1. The epoxy monomer of EPON 888 ycidyl etherof bisphenolF,
DGEBF) has two active epoxide ringand the curing agendigthyltoluenediamine
DETDA) is an aromatic ring with two primary aminegsaBched polyethyleneimine

(PEI) was used as axcessive aliphatic aminf]

NH NH NHz (\N/\/NHZ

2 2 H H

W/\O o% H,N N\/\ /\/N\/\N/\/N
o

N NH
o H H 2
N
EPON 862 Epikure W HNT " NH,
(DGEBF) (DETDA) Polyethyleneimine (PEI)

Figure4.1: Chemical structure of EPON 862 (DGEBF), Epikure W curing agent
(DETDA) and polyethyleneimine (PEI)

4.2.2 Thermal Analysis: Differential Scanning Calorimetry

A TA Instruments DSC 28ifferential scanningalorimetefDSC)was used to
measure the enthalpy of cuginin order to examine the influence of excessive amines
on the curing behavior of the epoxy resin system, 1, 3 and 5 wt.% of PEIls were added
to the premixed DGEBF and DETDA. The weight ratio of DGEBF to DETDA was
fixed as 100:26.4. For the comparisonsddme specimens were made without adding
PEls. Four polymer specimens of DGETBF/DETDA/PEI were mixed using a
centrifugal mixer (DAC 600 VAC, FlaskTeck Inc., USA) for 2 minutes at 2000 rpm.
A set of the Tzero hermetic pans and lids (TA Instruments, USA weighed before
and after being filled up with a wethixed resin droplet to measure the weight of the
resin. Before crimping the DSC pans, a small hole on the lid was punched with a
needle to make sure that the pressure difference inside and outs$idgpah was

minimized. The average weight of the sample in each pan wasA& nugrisothermal
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analysis was conducted for each sample at heating rates of 2, 5, 10, @mdi20°
Experimental heat flow curves after a Sigmoidal baselining were insertedrgmiin
to the commercially available licensed program, Kinetics NEO (Netzsch, Germany) to

investigate the cure behavior of epoxy with numerical models.

4.2.3 Mechanical Characterizationi Compression Test

Compression tests were performed to investigate theemdkiof additional
PEI content on the mechanical properties of the epoxy resin. Four types of resin
systems (0, 1, 3 and 5 wt.% of PEI) were cast and cured with three different curing
conditions by varying the isothermal temperature and curing time; QRCfér 1
hour, (2) 140°C for 3 hours and (3) 140°C for 3 hours followed by theqpoisig at
170°C for 1.5 hours. The specimens were machined into cylindrical shapes with
height of 5 mm and diameter of 5 mm using the core drill and lathe. Motor detlia
column screwdriven load frame (Instron 4484, USA) with a 30kN load cell was used

to press the specimensae.1 s strain rate.

4.3 Thermal Analysis

Figure 4.2 shows DSC nasothermal thermograms of the DGEBF and
DETDA mixture with varying amounts @xcessive PEI at heating rates of 2, 5, 10
and 20°C/min. The data was processed using a Sigmoidal baseline to determine the
heat ofthereaction.Each graph's exothermic peaks shifted igaer temperature
range with broader width as the ramp rate ireedaA single peak is clear for the
DGEBF/DETDA with no PEI (Figure 4.2(a)), representing the reaction of epoxy and
aromatic amine. Increasing the amount of aliphatic amines from PEI resulted in

increasing exothermic activity at lower temperatures. Ih@ak that aliphatic amines,
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such agliethylenetriaming2, 3] andtriethylenetetramin@], are used as low
temperature hardeners due totlodain flexibility [5]. The main peak temperature

due to the reaction between epoxy and DETDA at different heatieg was

measured and included in Table 4.1. The peak temperature shifts towards a lower
temperature with increasing amounts of PEI, indicating that the overall epoxy reaction

with aromatic amine took place at a lower temperature.
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Figure4.2: DSC nonisothemalthermogram®f the epoxy DGEBF/DETDA)and
PEI systems at various heating rates and PEI content. (a) No PEI, (b) 1%
PEI, (c) 3% PEI and (d) 5% PEI
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Table4.1: Peaktemperatur@f an exothermic reaction during nothermal DSC
thermogram®f epoxy OGEBF), DETDA with varying the amount of

PEI content
Peak temperature [°C]

Heating rate No PEI 1% PEI 3% PEI 5% PEI
[°C/min]

2 154.5 154.1 152.6 150.3
5 178.7 178.3 176.5 173.9
10 198.1 197.7 195.9 193.0
20 2194 218.6 215.4 212.4

To compare the influence of added PEI, the heat flow curves with a heating

rate of 5°C/min from Figure 4.2{@) are highlighted in Figure 4.3. As discussed

earlier, the cure reaction of epoxy and PEI at an early stage of heating results in

exothermic hediberation between 50°C and 150°C which is distinguishable from the
epoxy/DETDA peak. The tails of the curves, where the heat flow reaches zero and the

reaction is terminated, also shift towattsleft because the overall cure process was

catalyzed by ecess aliphatic amines of PEI.
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— 50,
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Figure4.3: DSCthermogram of three specimens with different PEI conterds at

heating rate of 8/min
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4.4 Model-free Friedman Analysis

In order to better understand the epoxy curing behavior altered bynBés}
free Friedman analysiwhich is a differential isaonversional method to derive
activation energy and pmxponential factor change was conducted using
commercially available software (Kinetics NE®letzsch, Germanyp]. The cure
kinetics of thermoset resins arearacterized by the following general reaction rate

equation

2 i el 1
whered U /isdhie conversion rateA is the pre-exponential factor, functioh ( i€)gn
arbitrary kinetic modeli. is the activation energy is the universal gas constant and
T is the absolute temperature. Figdrd showsthe conversion rate in log scale versus
inverse temperature for DGEBF/DETDA/5% PEI specimen as an example of
Friedman analysis. The curves afeliént heating ratehave points with the same
conversion and the straight dotted lines connect the identical conversion values of
each curve. According to EquatiohX), activation energy and pexponential factors

for each conversion value can be folnydcalculating the slope and intersect of the

iso-conversion lines.



{
N

P p— Iso-conversion lines .
CO” -=-2 °C/min
0.6 o .
- 0.7, %2204 =5 °C/min
_25 | 0.8\ S ":::»:- —10 °C/min
W03 ——20 °C/min
—
- 0.95
- -3 |
— 0.98
)D N, A drbeprirtrt bt A,
©
v_35 L SeEEEEE R
(@]
o
- & N £  R%Seeggh_
4+
_4 5 | | | | | | |

1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2
1000/T [1/K]

Figure4.4: Conversion rate as a function of inverse temperature for
DGEBF/DETDA/5% PEI specimen. The dotted lines represent the iso
conversion values of each graph.

The calculated activatioenergy and prexponential factor are shown in
Figure4.5. Baseline and 1% PEI specimens exhibit a similar trend of activation energy
change with two characteristic stages. The
nearly constant and startstoincreaseponenti al |y after U = 0.6
terminates. As reported previou$by 7], the early stage of curing is dominated by
monomer s6 chain extensions to form polymer
stage of curing, the secondary amiresct with epoxide groups creating high
crosslink density, which reduces the chain segment mobility. For higher content
specimens of 3% and 5% PERlsignificant increase of activation energy and pre

exponential f a03wasmobsérned. ore U = 0. 2
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Figure4.5: Activation energy and prexponential factorebtained by thenodelfree
Friedman analysifor the epoxy system with varying PEI content

The pe-exponential factor is known to have the opposite effect of activation
energy in shifting the curing reaction to the lower temperature range. The downshift of
the reaction temperature associated with the added 3% and 5% PEI can be explained
by the changef pre-exponential factors that hadmore dominant impact thahe

activation energy. After U = 0.3, both
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stay constant at 560 kJ/mol range of activation energy and 184%pre-exponential
factor. The increse at higher degrees of cure is not as stromg ssmples with low
concentrations of PEI. It is noted that 3% and 5% PEI samples are more likely to have
stoichiometrically excessive DETDA monomers because the epoxide groups are

already chemically bondeslith PEI branches at earlier conversion states.

4.5 Model-baseal Analysis
Modelbased cure kinetics analysis was performed using Kinetics NEO
software with an autocatalytic [Bloudiegl funct
a model allows for predictiorsf a chemi cal systembés behavi
temperature program.
Q P Q p | (4.2)
Determination of the kinetic parameters associated with Equations (4.1) and
(4.2) is viatheregression process the software program performs to find optimal
activation energy, prexponential factor, kinetic constant (k), and reaction orders (m
and n). ltwas assumed that the reaction of epoxy with both PEI and DETDA were
governed by the autocatalytic behavior and the two were independent process. The
contribution factor was employed to analyze the effect of different amines
guantitatively, and the sum e&ch contribution factor was 100%. The resulting
degree of conversion curves as a function of time at the heating rate of 5 and 20°C/min
of four systems were put together in Figure 4.6.
The degree of conversiol)(of all four systems shifted to the high
temperature on increasing heating faten 5 to 20C/min as indicated in the heat
flow curves of Figure 4.3. Comparing four specimens with different PEI content, the

more excessive aliphatic amines mixed, the higher degree of cure at any given
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temperatureThe aldition of PEI to the DGEBF/DETDA system downshifted the
initial reaction temperature and the generated reaction heat accelerated the following

reaction of the outnumbered aromatic amine groups with epoxy.

Figure4.6: Experimental and modeling degreecohversion curves as a function of
temperature at 5 and 20°C/min

The optimized parameters and contribution factoth@four systems are
given in Table 4.2. Bquare factorabove0.9995 indicate that the modeling data
correlates well with the experimiah data. The contribution of 1%, 3% and 5% PEI to
the reaction heat flow fadheepoxy system were 5.9, 16.9 and 27.4%, respectively. In
the kinetic model equation, the activation energy aneegponential factor are
assumed to be a single value thatespnts the reaction. The effective value of

activation energy for pure epoxy and DETDA mixture was 58.3 kJ/mol. This was
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