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ABSTRACT

In order to gain a more fundamental understanding of multifunctional epoxy
nanocomposites, model systems containing surface functionalized multi-walled carbon
nanotubes (MWCNTS) and thermoplastic microparticles were fabricated and studied.
Epoxies are inherently brittle and electrically insulative and therefore require the
introduction of fillers with different functionalities to produce a truly multifunctional
epoxy composite. The mechanical, electrical, and fracture properties of a conventional
aerospace-grade epoxy resin were enhanced by the addition of ZnO-functionalized
MWCNTSs and nylon 12 (PA) microparticles.

Carbon nanotubes (CNTSs) are an emerging class of carbon-based materials that
have dominated polymer nanocomposite research in recent years due to their potential
application in energy storage, electronic thin films, biotechnology, multifunctional
materials, etc. The strong push for fundamental research is driven by their superior
mechanical, electrical, and thermal properties. However, there are numerous problems
related to processability and fabrication of nanocomposites. In order to solve these
problems, which include insolubility in organic solvents and polymers and dispersability,
surface functionalization is used to break up large aggregates of CNTSs resulting in better
dispersion and enhanced compatibility with various solvents and polymers. Traditional
approaches such as chemical functionalization of the CNT surface are less commonly used
due to their lacking efficiency and effectiveness at controlling the exfoliation of CNTs,
which are critical to the development of tailored nanocomposites with superior mechanical

and electrical behavior. Further advances in the field are required whereby a fundamental



understanding of the necessary steps involved is gained. MWCNTSs were decorated with
ZnO quantum dots (QDs) by refluxing zinc acetate dihydrate and potassium hydroxide in
the presence of pristine (P-MWCNTs) or oxidized (O-MWCNTSs). The physical
decoration of ZnO QDs on MWCNTSs yielded a system of well-exfoliated CNTs with little
to no degradation of their material properties.

PA was introduced to enhance the ductility and fracture toughness of the epoxy
resin by undergoing a severe level of plastic deformation when under tensile stress with
and without a pre-existing crack. The glass transition and elastic modulus of epoxy tends
to decrease when a large concentration of a relatively soft filler is introduced resulting in
a somewhat softer material. This was not observed when ZnO/MWCNTSs were introduced
into the PA toughened epoxy systems, which contradicts findings currently found in the
literature.

The morphology and dispersion of the various fillers was unambiguously
confirmed via X-ray diffraction (XRD), transmission electron microscopy (TEM),
UV-Vis-NIR spectroscopy, x-ray photoelectron spectroscopy (XPS), and optical
microscopy (OM). The tensile, fracture, and thermos-mechanical properties of the model
hybrid epoxy nanocomposites have been investigated. This dissertation has expanded the
understanding of the effects of filler, and filler-filler interaction on the thermal,

mechanical, and fracture behavior of epoxy nanocomposites.
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CHAPTER |

INTRODUCTION

1.1 Background

The history of materials science as it relates to the development of commercial and
military aircraft over the years has exhibited a trend from using flexible, low-density
materials, towards denser, and stiffer materials with the ability to sustain heavier payloads
at higher speeds. The discovery of polymers, development of polymer science, and the
more recent progress in fabricating advanced polymer composites with extraordinary
strength-to-weight ratios led many to believe that a new era would begin whereby the use
of polymeric composites in aircraft would see exponential growth. However, with the
development of advanced joining techniques, lightweight metallic alloys, high-speed
machining, and low-cost manufacturing of castings, that prediction has been met with a
much slower rate [1]. Furthermore, the lack of a complete understanding of the fatigue life
of polymeric materials, let alone their composites, coupled with the poor fracture
toughness and compression after impact (CAl) strength of brittle thermoset materials
commonly has also negatively impacted the growth of polymer material use in the
aerospace industry.

Over the last three decades, there has been an enormous push towards the
development of multifunctional polymer nanocomposites with CNTs and/or thermoplastic
particles. These polymeric composite materials are expected to be less dense than metals,
be stiffer and stronger than conventional polymers, and electrically and thermally

conductive as well. However, the number of negative reports in the literature far outweigh
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the positive ones, specifically when it comes to effectively dispersing the fillers,
maintaining or improving Tg, or driving whatever property is desired without
compromising another.

CNTs have been a focal point of polymer composite research for decades due to
their excellent mechanical strength and stiffness, and superior electrical and thermal
conductivities [2-39]. Numerous research efforts have investigated whether CNTs are able
to be introduced into a polymer matrix of interest to impart their excellent inherent
properties to the final composite part [6-8, 13, 18, 19, 25, 39-60]. Due to their large surface
area-to-volume ratio and aspect ratio, CNTs exhibit unparalleled properties such as: 1) the
highest modulus and tensile strength of any discovered material, 2) high potential for
surface functionalization due to high surface energy, 3) exceptional thermal and chemical
stability, and 4) superior electrical and thermal conductivities compared to other
conductive fillers. As a result, CNTSs are an attractive nanofiller for research into diverse
applications such as polymer composites for structural or electrical/thermal environments,
batteries, dielectrics, and anti-corrosive coatings, and many others [51, 54, 61-63].

In light of their previously mentioned properties, CNTs are not without their share
of problems, especially when it comes to processing and integration into polymer matrices.
They are difficult to manipulate and are not soluble in organic solvents, which decreases
the amount of usable material and also tend to destroy their inherent properties.
Furthermore, the techniques used to synthesize CNTs usually yield bunded tubes,
entanglements, and aggregates, which are composed of hundreds, if not thousands of

single nanotubes. The atomically smooth surface of CNTs makes it difficult to disperse



them in solvents and react with various functional groups [62]. The extremely large
surface area-to-volume ratio and high aspect ratio, coupled with the high surface energy
and strong vdW interactions, tend to result in single tubes bundling and entangling.

Surface functionalization is therefore used to overcome these challenges to
successfully integrate CNTs into polymer matrices. The addition of various chemical
groups, small molecules, or short chain oligomers to the tube surface breaks up the
aggregates, which are further broken into bundles and individual tubes via ultrasonication
[60]. Once the CNTs are individually exfoliated, they can be dispersed into a polymer
matrix of interest. The surface functionalization of CNTs is commonly accomplished with
two methods: 1) covalent attachment of various molecules via chemical reactions with or
without previous surface oxidation, and 2) non-covalent or physical functionalization of
molecules onto the tube surface.

Thermoplastic particles, particularly nylons, have been dispersed into thermoset
polymer matrices to improve their inherently low fracture toughness [29, 64-74]. The
primary mechanism involved in dissipating energy is crack bridging whereby, assuming
the dispersed particle is of a comparable size as that of the natural crack tip radius of a
given polymer matrix, it is able to bridge the crack after the crack front has passed beyond
the location of the particle. Subsequently, the crack continues to propagate causing the
crack wake to continue opening resulting in severe plastic deformation of the nylon
particle. Unfortunately, the concentration of particles used is sufficiently high, such that,

the modulus of the matrix is adversely effected This is only the case for soft-rigid systems,



wherein the toughening phase is relatively soft (low Tg) compared to the relatively hard

matrix (high Tg).

1.2 Research objectives and significance

The proposed research aims to probe the effect of a newly developed, physical
functionalization approach to exfoliating multi-walled carbon nanotubes (MWCNTS) on
the bulk behavior of epoxy nanocomposites. The intrinsic properties of the MWCNTSs are
marginally effected by the proposed functionalization method and should result in
enhanced bulk performance when used as the reinforcing phase. Pristine (P-MWCNTS)
and oxidized (O-MWCNTs) MWCNTSs will be used to observe any changes in the bonding
strength between ZnO quantum dots (QDs) and the carbon nanotube (CNT) surface. This
research aims to understand the interaction between functionalized MWCNTs and
nylon-12 (PA) microspheres in an epoxy matrix. With this knowledge, ternary systems
may be intelligently developed with the intent of improving the mechanical and electrical
performance of a matrix of interest. ZnO QDs, MWCNTSs, and PA are selected as model
fillers due to the available dispersion methods, commercial relevancy, cost, and geometry.
Epoxy is chosen due to its widespread use in the aerospace and automotive industry.

The objectives of this proposed work are to: 1) utilize a newly developed in-situ
functionalization process and characterize the morphology and dispersion of
ZnO/P-MWCNTs and ZnO/O-MWCNTSs in an organic solvent or epoxy matrix, 2)
investigate the thermal, electrical, and mechanical properties of the nanocomposites as a
function of surface functionalization and use of PA, and 3) investigate the fracture

properties and fracture mechanisms of the nanocomposites as a function of surface
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functionalization and use of PA. The morphology and exfoliation state of the nanofillers
will be observed with optical and electron microscopy, UV-Vis-NIR, and XRD. XPS will
be used to monitor the functionalization chemistry. Thermal characterization of hybrid
epoxy nanocomposites will be conducted via DSC and TGA. The mechanical response
and properties will be investigated with DMA and tensile testing. Ternary systems will be
fabricated and subjected to fracture tests to determine the effect of PA toughening on
ZnO/P-MWCNT and ZnO/O-MWCNT epoxy nanocomposite systems.

Three different particles have been chosen for the proposed work based on availability
and cost, solubility in organic solvents, ability to exfoliate MWCNTSs in epoxy, and
potential commercial application. ZnO QDs can be synthesized in organic solvents with a
controlled diameter of =5 nm and dispersed in epoxy [62, 75-80]; MWCNTSs with outer
diameters of ~10 nm can be dispersed in epoxy with organic solvents and functionalized
using previously developed method [62, 81]; PA microparticles with a diameter of ~10
um have been observed to improve the fracture toughness of epoxy nanocomposites [29,
73, 74, 82]. The fillers will be mixed into an aerospace grade epoxy resin, D.E.R.™ 354,
with low viscosity and broad commercial use in adhesives, composites, and coatings.

The first specific objective will be to characterize the morphology and dispersion
of ZnO/P-MWCNTSs and ZnO/O-MWCNTSs in an organic solvent or epoxy matrix. The
primary variables are surface functionalization, level of oxidation, and dispersion medium.
The morphologies will be characterized via UV-Vis-NIR, x-ray diffraction (XRD), x-ray
photoelectron spectroscopy (XPS) transmission optical microscopy (TOM), and

transmission electron microscopy (TEM).



The second specific objective will be to investigate the thermal stability, electrical
conductivity, and tensile properties of epoxy nanocomposite thin films containing
ZnO/P-MWCNTs or ZnO/O-MWCNTs. The primary variables are surface
functionalization, level of oxidation, and use of PA. Differential scanning calorimetry
(DSC), dynamic mechanical analysis (DMA), and thermogravimetric analysis (TGA) will
be used to measure the thermal stability of the thin films. A custom built four-point probe
will be used to measure their electrical conductivity. The tensile response of the hybrid
thin films will be monitored with a universal testing machine equipped with a laser
extensometer.

The third specific objective will be to investigate the fracture toughness and
fracture mechanisms of epoxy nanocomposite thin films containing ZnO/P-MWCNTSs or
ZnO/O-MWCNTs with or without PA. The primary variables are surface
functionalization, level of oxidation, and use of PA. The fracture toughness of the epoxy
nanocomposite films will be measured by using a three-point bending fixture on a
universal testing machine equipped with a laser extensometer. Fracture toughening
mechanisms will be observed with a laser confocal microscope (LCM) and TEM.

The approach of the proposed work is to mix surface-decorated MWCNTSs and PA
to transfer their beneficial mechanical, electrical, and toughening properties to an epoxy
matrix. PA particles were selected for this work because of their commercial availability
in narrow size distributions, low moisture uptake, and strong interfacial bonding with
epoxy. Thermoplastic toughening particles such as PA have been studied in response to

the poor thermomechanical performance of rubber-toughened epoxies and were observed
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to effectively toughen without compromising the Tg or strength of the matrix [29, 64, 65,

73, 74, 83-87].

1.3 Organization of the dissertation

A comprehensive literature review on the recent advances in surface
functionalization of CNTSs, epoxy nanocomposites containing CNTSs, and toughening of
epoxy will be presented in Chapter 1. Detailed information regarding the different types
of surface functionalization methods is described in this chapter. A brief review of the
current and potential applications of functionalized CNTs and toughening particles in
epoxies is also provided.

Based on Chapter I1, Chapters I11-V1 develop a new non-covalent functionalization
method for CNTSs, based on physical adsorption via electrostatic interactions. Due to their
opposite surface charges, CNTs exhibit a negative charge, while ZnO QDs exhibit a
positive charge, ZnO QDs are selectively anchored to the CNT surface via an electrostatic
interaction. This physical functionalization method overcomes the traditional challenges
associated with preparing well-integrated ZnO/CNT composites. After functionalization,
the ZnO/CNTSs are dispersed into epoxy with and without PA microparticles for improved
mechanical properties, toughness, and electrical conductivity.

Finally, a summary of the findings of this dissertation and concluding remarks are

given in Chapter VI along with the future research plans.



CHAPTER II

LITERATURE REVIEW

2.1 Introduction

Polymeric materials, and specifically epoxies, are widely used in various industries
such as automotive, commodity, sports, medicine, aerospace, etc., but recent research has
been driven by the desire to incorporate nano and micro fillers into polymer matrices for
improved performance. This is due to their outstanding potential to enhance the
mechanical, electrical, thermal, and fracture behavior of neat matrices. However, as higher
concentrations of fillers are used to drive the improved behavior, cost and processibility
are usually negatively affected.

In this chapter, the fundamental knowledge, problems, and recent advances
concerning epoxy nanocomposites with improved mechanical, electrical, and fracture
performance will be reviewed. The morphological and structural characterization of epoxy

nanocomposites will also be reviewed.

2.2 MWCNT functionalization

Sumio lijima is traditionally attributed as having been the first researcher to
discover CNTs in 1991 [88]. SWCNTs are one dimensional materials that can be
conceptualized as a sheet of graphene consisting of sp? hybridized C-C bonds that is
wrapped up with a particular chiral vector [56, 57, 89, 90]. A pair of indices can be defined
for the joined ends of a graphene sheets as (n,m). The indices n and m indicate the number

of unit vectors along the graphene lattice and are used to define whether a CNT is zigzag



(m=0), armchair (n=m), or chiral [56, 57, 90]. Owing to the three different tube types,
three different conductive natures are observed in CNTs. CNTSs are considered metallic
conductors when n=m, semiconductive with a slight band gap when n-m is a multiple of
3, and a moderately semiconductive when the other two cases are not satisfied [56, 57,
90].

MWCNTSs, while geometrically similar to SWCNTSs, they consist of multiple
(concentric) cylinders of graphene. The typical intertube spacing is around 3.4 A, which
coincidentally is close to the interlayer spacing in graphite [90]. Even though MWCNTSs
can be thought of as concentric metallic or semiconducting SWCNTSs, they usually behave
as zero-gap metals [88]. The sp? C-C lattice and tunable physical properties (chirality,
surface functionalization, diameter, and length) afford CNTs a wide range of electrical
properties that are attractive for polymer matrices [7, 11-13, 23, 26, 29-31, 34, 40, 56-58,
61, 91-108].

MWCNTS, due to their diverse set of exceptional properties, have been extensively
studied since their initial discovery [2-39]. Depending on the application, it may or may
not be advantageous to disperse individually exfoliated CNTs into a polymer matrix of
interest rather than an assembly of aggregated entanglement [109]. However, the
numerous synthesis procedures tend to yield bundles and entanglements that are composed
of hundreds or thousands of single CNTs due to the large vdW forces typically of high
aspect ratio MWCNTSs. Furthermore, because CNTs are insoluble in organic solvents,
integrating them into a polymer matrix via solution is a challenge. These problems are the

reason why the majority of research is not as fruitful as expected, since the amount of
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usable material tends to be very low, if at all. For example, CNTs have been dispersed in
polymers with the intent of improving their mechanical properties. However, without
functionalizing the tube sidewall, the polymer matrix is unable to effectively bond to the
atomically smooth surface, leading to inefficient load transfer from the matrix to the CNT
[110]. Furthermore, depending on the functionalization route, the inherently strong and
conductive sp? hybridized C-C lattice is irreparably damaged, rendering the CNTs
insulative and more prone to premature fracture [44, 60, 62, 109, 111-122].

To overcome the processing and solubility challenges associated with MWCNTS,
many novel approaches have been developed in recent years to functionalize the CNT
surface to promote better adhesion with the matrix, stable and individual exfoliation, and
alter their surface properties for various applications as seen in Table 1 [9, 15, 18, 26, 33,

44,59, 60, 62, 114, 123-129].
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Table 1. Pros and cons of commonly used CNT functionalization methods [60].

CNT Efsy Particle-matrix Re-agglomeration

Method Principle . S of CNTsin
Damage interaction .
use matrix
sp2 — sp3
Chemical  Sidewall hybridization v X S v
of C
Defect
Defect transformation v v S v
. Polymer vdW force,
Physical wrapping n-m stacking X v v X
Surfactant Physical
adsorption adsorption X v w X
Endohedral Capillary X X W Y

method effect

aS: Strong; W: Weak; V: Variable according to miscibility between matrix and polymer on
CNT.

In the subsequent sections, two different surface functionalization approaches will
be presented and summarized. The methods that will be described are: 1) covalent

functionalization and 2) physical functionalization.

2.2.1 Covalent functionalization

The first approach to functionalizing the surface of CNTs is covalent
functionalization. This results in a chemical change of the original C-C lattice of the tube
surface to something that now includes other functional groups that are connected via
chemical bonds. Two unambiguous regions of reactivity are available for chemical
functionalization: graphitic structure and defect sites as seen in Figure 1 [4, 18, 34, 44, 60,

62, 89, 109, 111, 113-116, 121, 123-126, 129-137].
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Figure 1. Various routes to covalently functionalize CNTs (A: sidewall functionalization;
B: defect functionalization). Reprinted from [60].

In MWCNTSs, the caps of the tubes are composed of five-membered rings that results in a
relatively high reactivity compared to the sidewalls, which are composed of n-n bonded
structures. Once functionalized, the CNT surface is irreparably changed, without further

modification(s).

2.2.1.1 Graphitic structure
MWCNTSs are made up of sp? hybridized C atoms that arrange themselves into a
hexagonal honeycomb lattice. Chemical changes to the C-C double bonds of the lattice

result in a change from sp? to sp® hybridized C, causing them to change from trigonal to
12



tetrahedronal geometry. This type of chemical alteration damages the CNT surface leading
to reduced electrical and mechanical properties [18, 44, 60, 62, 109, 111, 113, 115, 116,
121, 124, 126].

Fluorination and derivative reactions, hydrogenation, and cycloaddition are three
different strategies for sidewall functionalization that cause amino, nitrene, carbene, and
radical groups to be directly functionalized to the CNT surface [59, 60]. One example of
a fluorination and derivative reaction is the fluorination of CNTs followed by amino
substitution as studied by Stevens and Gu et al. [138, 139]. Purified HiPco SWCNTSs
(amorphous carbon and catalyst Fe particles were removed) were directly fluorinated with
C2F moieties at 150 °C in a He-purged furnace whereby a gaseous mixture of He-diluted
F2 flowed over the CNTs at a specified flow rate for ~2 hr [138]. The fluorinated SWCNTs
(F-SWNCTSs) were then pyrolyzed in Arz at 1000 °C and monitored in situ via fourier
transform infrared spectroscopy (FTIR). Raman and attenuated total reflection FTIR
(ATR-FTIR) spectroscopy were used to characterize the formation and removal of C-F
bonds on the sidewalls of SWCNTSs. The Raman spectrum of the F-SWCNTSs exhibits an
increased intensity of the disorder mode (<1292 cmt), which indicates that there has been

a significant increase in sp® hybridized C (Figure 2).
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Figure 2. Raman spectra of SWCNTSs. (a) Purified HiPco SWCNTSs; (b) F-SWCNTSs; (c)
cut-SWCNTSs. Reprinted from [138].

This observation supports the IR spectra that exhibits the formation of C-F bonds after

fluorination at ~1111 cm™ and =1221 cm* (Figure 3).
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Figure 3. ATR-FTIR spectra of SWCNTSs. (a) F-SWCNTSs; (b) cut-SWCNTSs. Reprinted
from [138].

After fluorination, the F-SWCNTs were heated with terminal alkylidene diamines
(ethylene, propylene, butylene, and hexamethylenediamine) in solution by stirring the
precursors at 70-170 °C in the presence of pyridine (Py), which was used as a catalyst
[139]. During this process, HF was eliminated, which led to the formation of

amino-functionalized SWCNTs (Figure 4).
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Figure 4. Schematic of functionalization chemistry for fluorination and amine substitution
reactions. Reprinted from [139].

Raman, FTIR, and UV-Vis-NIR spectroscopy were used to confirm that fluorination and
subsequent amino-substitution had taken place, in that order. The typical peaks observed
for HiPco SWCNTSs via Raman were identified as breathing (200-263 cm™) and tangential
(1591 cm™) mode peaks. For F-SWCNTSs, the HiPco peaks associated with breathing and
tangential modes decreased and increased, respectively, due to the overwhelming presence

of sp3-hybridized C in CF (Figure 5).
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Figure 5. Raman spectra of (A) F-SWCNTSs; (B) N-alkylidene amino-functionalized
SWCNTs 3a; (C) nylon-SWCNT polymer derivative; (D) reaction product of 3a with

adipyl chloride. Reprinted from [139].
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The van Hove absorption bands typically observed for purified HiPco SWCNTSs via

UV-Vis-NIR disappeared when amino groups were substituted for the fluorinated C bonds

(Figure 6).

Abrpthare
a

- - - e —
Wsangh fr

Figure 6. UV-Vis-NIR spectra of (A) Purified HiPco SWCNTs; (B) N-alkylidene
amino-functionalized SWCNTs 3a; (C) 3d. Reprinted from [139].

In the ATR-FTIR spectra, two peaks at 1214 cm™ and 1102 cm™ were observed for the

F-SWCNTs, which are characteristic of the C-F bond stretching mode (Figure 7).
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Figure 7. ATR-FTIR spectra of (A) F-SWCNTs; (B) N-alkylidene amino-functionalized
SWCNTs 3a; (C) 3b; (D) 3c; (E) 3d. Reprinted from [139].

After amino groups are substituted, those peaks disappear and a number of new peaks are
observed at 3400-3100 cm, 3000-2800 cm, and 1250-1000 cm™*, which are attributed
to N-H, C-H, C-N stretching, respectively, indicated that N-Alkylidene amino groups have
been successfully attached to the sidewalls of SWCNTSs.

With this type of functionalization, the surfaces of atomically smooth and

chemically inert CNTs may be made more compatible with epoxies, and may be able to
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participate in the crosslinking reaction, due to the reactive amine (NH2) groups, resulting

in CNTSs that are chemically linked to the epoxy network.

2.2.1.2 Defect site

The presence of defects, usually in the form of oxygen moieties, are used for
functionalization to minimize the damage that the sidewalls experience. It is generally
understood that CNTs, while composed mostly of C, still have trace catalytic elements
after they are synthesized. The observed defects can be grouped into four different classes:
dopants, rehybridization (sp? = sp®), topological defects (rings of smaller or larger size
than hexagons), and incomplete bonding (vacancies or dislocations) [140]. At the caps of
MWCNTSs, fullerene-like structures with five- or seven-member rings with higher
reactivity than 6-member rings may be observed. These more highly reactive tube ends
are an attractive starting point to develop new covalent chemistries. Unfortunately,
research efforts into developing covalent functionalization approaches using defect sites
are sparse.

Oxygen functional groups are another defect type that is commonly used for
functionalization. Every production methodology yields CNTs with impurities such as
amorphous C (carbon black) and residual catalyst particles. Therefore, purification
processes such as oxidation via acid treatment are used to remove said impurities from the
raw material [120]. The oxidation step opens the tube caps and causes holes to appear due
to the formation of oxygen functional groups on the surface [59, 60, 111, 116-122]. The
produced CNTs are observed to have tube ends and sidewalls that are decorated with

mainly carbonyl and carboxylic groups. These chemical groups have been well-studied
20



and used for functionalization in recent years, specifically through amidation reactions
with amine groups [73, 123, 124]. For example, Sun et al. developed a functionalization
technique to covalently bond polyamidoamine generation-0 (PAMAM-0) dendrimers and

sulfanilamide (SAA) to the surface of oxidized SWCNTs (Figure 8) [124].
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Figure 8. Schematic of surface functionalization of SWCNTs by PAMAM-0. The
PAMAM-0 molecules contain extra amine groups that participate in crosslinking reaction
with epoxy monomer. Reprinted from [124].

PAMAM-0 was observed to effectively exfoliate the SWCNTs and improve their adhesion
to the epoxy matrix. This led to enhanced modulus, tensile strength, and ductility as well
as improved fracture toughness. The rubbery plateau modulus of the epoxy composite with
PAMAM-0-functionalized SWCNTSs also increased, while its Ty dropped =5 °C. This is
likely due to the stoichiometric ratio of the amines to epoxide groups in the composite
system being off. Sulfanilamide (SAA) was also used by Sun et al. to functionalize the
surface of previously oxidized SWCNTs [73]. SAA-functionalized SWCNTSs also

exhibited an improved level of exfoliation in epoxy as well as enhanced modulus, tensile
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strength, ductility, and fracture toughness. However, the Tgs of the nanocomposite systems

containing oxidized or SAA-functionalized SWCNTSs decreased compared to the neat

epoxy system as seen in Figure 9.
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Figure 9. DMA spectra of epoxy composites containing 0.5 wt. % SWCNTSs. Reprinted

from [73].

The aforementioned defects are an attractive area to develop new covalent

functionalization approaches while preventing further damage to the CNT chemical

structure.
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2.2.2 Physical functionalization

The second approach for functionalizing CNTs is physical, or noncovalent,
functionalization. In this respect, the tube sidewalls are modified via vdW forces, n-n
interactions, adsorption of nanoparticles, aromatic compounds, surfactants, polymers, and

even short chain oligomers, or electrostatic interactions as seen in Figure 10 [59, 60].

Figure 10. Various routes to physically functionalize CNTs (A: polymer wrapping; B:
surfactant adsorption; C: endohedral method) . Reprinted from [60].

In stark contrast to chemical functionalization methods, the physical methods of
functionalizing MWCNTSs are easy, reversible, and have a much lower probability of
permanently destroying the original C-C bonds in the CNT lattice resulting in
functionalized MWCNTS that retain their exceptional mechanical and thermal properties.

Surfactants, polymers, and short chain oligomers have been successfully used to

physically functionalize CNTs (Figure 11) [59, 60, 62].
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Figure 11. Schematic of surfactant adsorption on CNT surface. Reprinted from [59].

lonic surfactants such as cetyltrimethylammonium bromide (CTAB), and sodium dodecyl
sulfate (SDS) are able to stabilize a dispersion of CNTs by promoting electrostatic
repulsion between formed micellar domains [59]. Triton X, a nonionic surfactant, has been
observed to influence the dispersion of CNTs by forming a solvation shell from the
hydrophilic groups, which assemble around the CNTs due to a thermodynamic driving
force whereby the hydrophobic interface is eliminated [59]. The wrapping of the CNT
surface with polymers is another attractive route to functionalize the CNT surface by
taking advantage of m-m interactions, specifically by polymers that are soluble in organic
solvent or aqueous solutions.

The attachment of metallic particles to the surface of MWCNTSs has also been
studied for the past couple of decades as another physical solution to functionalizing CNTs
without destroying their structure [62, 130, 133, 134, 136, 141-172]. Unfortunately, even
though MWCNTSs contain significant surface and structural defects, they are still
minimally reactive. Therefore, decoration by metallic quantum dots (QDs) is unlikely
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without oxidation to improve their chemical reactivity [111, 112, 117, 118, 120, 133, 141].
It has been suggested in previous reports that when MWCNTSs are oxidized prior to
metallic QD decoration, the final morphology is more uniform compared to a pristine tube
that has been decorated. Furthermore, they may be used for catalytic applications as well
as providing improved interfacial bonding in a given matrix to obtain the maximum
possible improvement in mechanical properties [141]. Many experimental efforts have
since been pursued with some limited success [151-153, 155, 158, 168]. For example,
Satishmukar et al. oxidized CNT surfaces and decorated them with gold, platinum, or
silver by using a reducing agent to reduce a metal compound [142]. Li et al. functionalized
the surface of CNTs with aminopyrene, which acted as a catalyst for Pt, CdS, silica growth
[149]. Daneshvar-Fatah et al. developed a non-covalent functionalization method to
disentangle MWCNTSs by electrodepositing Ni on their surfaces and observed improved
dispersion. An anti-corrosive coating containing Ni-MWCNTs exhibited increased
hardness and elastic modulus [170, 172]. Xin et al. integrated Ag-decorated CNTSs into PP
and PS via melt compounding and solution mixing and observed a large improvement in
electrical conductivity above the percolation threshold [168]. The tensile modulus and
tensile strength of the polymer composites were only marginally improved compared to
the systems with only CNTs. In almost all cases, the individual exfoliation of
functionalized MWCNTSs was not realized and as a result, the mechanical properties were
either unaffected or reduced, if studied at all. In contrast, however, the presence of
decorated CNTs promotes the formation of an electrically conductive network that may

exhibit higher conductivities than previously reported for CNT/epoxy composites [158].
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2.2.3 Summary

As stated in the previous two sections, MWCNTs may be functionalized with
various molecular groups, molecules, short chains, etc. to form a multitude of MWCNT
hybrids for a wide breadth of applications such as: capacitors, transistors, sensors for
health and structural monitoring, functional and multifunctional composites, etc. [7, 13,
43, 45,47, 48, 50, 54, 56-58, 60, 93, 95, 101, 109, 173-177]. However, with each approach
there are advantages and disadvantages that make one or more of them a more likely
candidate for effectively functionalizing CNTs and introducing them into a solvent/matrix

of interest.

2.3 MWCNT/epoxy composites

Epoxies are a class of thermosetting polymers that are commonly used in the
aerospace, automotive, electronics, and adhesives/sealants industries [29, 39, 54, 66, 74,
178-190]. They are mechanically strong and stiff, electrically and thermally insulative,
and resistant to corrosion, solvents, and chemicals due to their crosslinked network
structure [29, 54]. Unfortunately, for aerospace and electronics applications, the insulative
nature of the matrix and its tendency to fracture in a brittle and catastrophic manner, with
insignificant warning and energy absorption/dissipation make it challenging for epoxy
nanocomposites to be fabricated and used within the demanding regimes necessary for the
aforementioned industries [29, 39, 74, 105, 191-197]. In order to save on weight,
composites are traditionally thought of as the silver bullet, the perfect replacement.
However, in practice, the ability of epoxy nanocomposites to perform with the same level

of toughness, stiffness, strength, and electrical conductivity has not been observed.
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Numerous research efforts have been conducted with the purpose of developing
an epoxy with dispersed fillers for improved stiffness, strength, toughness, or electrical
conductivity [198]. Unfortunately, true epoxy nanocomposites are rarely reported in the
literature, especially when multifunctionality is desired. In order to replace a tough and
conductive material such as aluminum, the epoxy nanocomposites need to have one or
two fillers dispersed into its matrix to impart better toughening and the formation of a

conductive network.

2.3.1 Electrically conductive epoxy composites

Carbon black, CNTSs, graphene, and hybrid carbon fillers are typically dispersed
into epoxy to enhance its electrical conductivity [11, 12, 19, 29, 31, 38, 99, 105, 158, 199-
206]. The expectation for improved electrical conductivity is that if a conductive filler is
dispersed into an insulative matrix at a high enough concentration, a percolative network
will form, a three-dimensional network that is interconnected in such a way so as to allow
for the conduction of electrons through the bulk of a material. In practice, however, this is
not an easy task to accomplish given the challenges associated with effectively integrating
CNTs into polymer matrices as summarized in the previous section. CNTSs are typically
used because of their ability to be surface functionalized and their low densities.

For example, graphene and CNTs have been observed to percolate at very low
concentrations [10, 96, 98, 100]. Kim et al. studied the effect of oxidized MWCNTS on
the electrical conductivity of epoxy nanocomposites [11]. MWCNTSs were oxidized in
solutions of nitric acid or a mixture of water and ammonium hydroxide under a number of

different conditions (Table 2).
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Table 2. MWCNT oxidation conditions. Reprinted from [11].

Solution Conc. [%] Ttreatment [°C] Ttreatment [Nr] pH
HNO3 28.5 RT 4 3.5
HNO3 40.0 100 1 2.5
HNO3 40.0 100 2 2.5
HNO3 40.0 100 4 2.5

H202/NH4OH 28.5 RT 4 10.5

The O-MWCNTSs exhibited increasingly negative zeta potential values as a function of
stronger oxidative treatment. The electrical conductivity and percolation thresholds of the
epoxy nanocomposites were observed to decrease and increase, respectively, as a function
of oxidation strength due to extensive damage to the tube sidewalls. Moisala et al. also
studied the electrical conductivity of epoxy nanocomposites containing MWCNTSs and
observed that a system containing MWCNTSs exhibited a percolation threshold at <0.005
wt.% (much lower than expected from theory) with an electrical conductivity of =0.5 S/m
at 0.6 wt.% MWCNTSs [12]. Saw et al. fabricated MWCNT/epoxy nanocomposite thins
films with short and long MWCNTs that were optically transparent, flexible, and
electrically conductive. However, the system containing short MWCNTSs exhibited an
earlier percolation threshold and higher conductivity compared to the one with long

MWCNTS as seen in Figure 12 [31].
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Figure 12. Electrical conductivity of epoxy nanocomposite films as a function of
MWCNT concentration. Reprinted from [31].

Tang et al. studied the influence of MWCNTSs and either soft submicron-rubber or rigid
nano-silica on the electrical conductivity of a conventional epoxy resin [105]. The systems
with the best improvement with respect to the neat epoxy matrix were those that contained
MWCNTSs. In fact, the system that exhibited the highest value of electrical conductivity
was that which contained MWCNTSs and rigid nano-silica at 1.0 wt.% and 10.0 wt.%,
respectively. The reason given is that the nano-silica helps reduce the size of MWCNTSs
aggregates by breaking them apart to a degree, in contrast to the systems containing
rubber. White et al. studied the percolation behavior of MWCNT/epoxy nanocomposites
containing preformed nylon microparticles [29]. The percolation threshold of the

MWCNT/epoxy system occurred at ~0.01-0.05 wt,% MWCNTSs and a final electrical
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conductivity of ~0.05 S/m was obtained at 1.0 wt.% MWCNTSs. However, the system

containing both nylon and MWCNTSs exhibited a delayed percolation threshold at around

0.7 wt.% MWCNTs and a final electrical conductivity of ~0.001 S/m at 1.0 wt.%

MWCNTSs (Figure 13).
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Figure 13. Electrical percolation behavior of MWCNT and nylon filled epoxy. (a)
Semi-log plot of electrical conductivity as a function of wt.% MWCNTSs. Reprinted from

[29].

When P-MWCNTSs are dispersed into epoxy, they form aggregates that are randomly

oriented and distributed throughout the matrix. This random dispersion of CNTs more

effectively promotes the formation of an electrically conductive network, rather than a
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well-dispersed system of CNTs as observed in the system containing nylon and

P-MWCNTs.
Ma et al. introduced silver-decorated MWCNTs (Ag-MWCNTS) into epoxy to

improve its electrical conductivity [158]. This was achieved through ball milling in the
presence of ammonium bicarbonate, followed by the reduction of Ag ions in N,

N=dimethylformamide (DMF) as seen in Figure 14.
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Figure 14. Schematic of Ag decoration of MWCNT sidewall. Reprinted from [158].

The surface of the MWCNTSs were observed to be decorated with Ag QDs and the peak

around 3 keV in the energy dispersion x-ray (EDX) spectrum confirms that the QDs are

indeed Ag (Figure 15).
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Figure 15. TEM of Ag-decorated MWCNTs with prior functionalization. (c) low
resolution; (d) high resolution; (e) EDX spectrum. Reprinted from [158].

The percolation behavior of P-MWCNTSs, F-MWCNTSs, and Ag-MWCNTSs was measured
as a function of wt.% MWCNTSs. All three systems exhibited a percolation threshold at

~0.5 wt.% MWCNTs as seen in Figure 16.
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Figure 16. Electrical percolation of epoxy nanocomposites containing P-, F-, and
Ag-MWCNTs. Reprinted from [158].

The electrical conductivity of the epoxy nanocomposites containing Ag-MWCNTSs was
expected to increase due to the inherent electrical conductivity of Ag (cag=6.30x10°
S/cm), which is much higher than the conductivity of the MWCNTSs used in the study. At
0.5 wt.% Ag-MWCNTSs, the epoxy nanocomposite exhibited a dramatic increase in
electrical conductivity, approximately twelve orders of magnitude, from 2.2x10"® S/cm
to 0.81 S/cm. An increase of that magnitude at that low of a concentration is almost

unheard of in the MWCNT/epoxy literature.

2.3.2 Stiff, strong epoxy composites
As previously mentioned, CNTs and graphene are typically dispersed into epoxy

to enhance its electrical conductivity. They are also used to enhance the modulus and
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tensile strength of epoxies [7, 8, 13, 39, 41, 44, 45, 50, 56-58, 204-234]. In contrast to the
previous section, the functionalization of the tube sidewalls, while damaging the surface
and potentially reducing the inherent strength and stiffness, is not necessarily detrimental
to the efficacy of the tubes to enhance the modulus and strength of epoxy.

Allaoui et al. studied MWCNT/epoxies that were cured with an over-aged hardener
to determine if the MWCNTSs had a better reinforcing effect compared to a newly
synthesized hardener [97]. While the modulus of the composites doubled and quadrupled
with the addition of 1 wt.% and 4 wt.% MWCNTS, the absolute values are much less than

expected for a highly crosslinked thermoset, such as epoxy (Figure 17).
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Figure 17. Tensile stress-strain curves of neat matrix and MWCNT composites.
Reprinted from [97].
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This is due to the fact that the hardener that was used was overaged, yielding a more
loosely crosslinked network. In light of this observation, it should be noted that the
MWCNTs are able to enhance the Young’s modulus of the epoxy, rather significantly.

Hernandez-Perez et al. studied the mechanical properties of an epoxy containing
two different types of MWCNTSs (1.0 wt.%), which had significantly different aspect ratios
[14]. Contrary to what is to be expected, the system with low aspect ratio MWCNTSs
exhibited a lower modulus than that of the neat matrix while the original tensile strength
was more or less maintained. Moreover, the system containing high aspect ratio MWCNTSs
exhibited an even larger drop in modulus while no change in the tensile strength was
observed. However, the reason behind these drops is not explained and the dispersion of
the MWCNTSs in these systems is not presented well. In both systems, the ductility was
improved compared to the neat matrix.

Sun et al. studied the effect that surface functionalization has on the mechanical
properties of SWCNT/epoxy composites [124]. PAMAM-0 was used to surface
functionalize the SWCNTs before integrating them into an epoxy matrix. Four systems
were studied: neat epoxy, P-SWCNT/epoxy, F-SWCNT/epoxy, and PAMAM-0/epoxy, to
better understand the effectiveness of each filler. Uniaxial tension tests and DMA were
conducted to determine if the MWCNTSs had improved the tensile behavior and Ty,

respectively (Figure 18 and Figure 19).
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Figure 18. Tensile stress-strain curves for neat epoxy and SWCNT composites. Reprinted
from [124].
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Figure 19. Dynamic mechanical behavior of neat epoxy and SWCNT composites.
Reprinted from [124].

Surprisingly, not only did the composites exhibit improved moduli, but also enhanced
tensile strength compared to the neat resin. Although the functionalization of SWCNTSs
leads to improve mechanical properties in this system, the level of enhancement is still
only about half of the value that is predicted via Halpin-Tsai. It is stated that this is likely
due to the observed curvature of the SWCNTs. The non-uniform dispersion of the
SWCNTs and the potential side reaction between the epoxy and PAMAM-0 may also
contribute to the subpar improvement. Furthermore, the T4 of the composites containing
P-SWCNTs, and F-SWCNTs drops by <5 °C, which is not insignificant, and may be due
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to partial adsorption of the curing agent onto the P-SWCNT surface leading to a change
in the stoichiometric ratio. In the case of F-SWCNT, the presence of excess amines may
be the reason for the observed drop in Tg.

P-MWCNTs and O-MWCNTs were dispersed into an epoxy matrix via
ultrasonication by Montazeri et al. to investigate their effect on the mechanical properties
of the resin [22]. The modulus and tensile strength of the composites was observed to
increase as a function of centration, with the P-MWCNTSs exhibiting the highest modulus

while O-MWCNTSs exhibited the highest tensile strength (Table 3).

Table 3. Tensile properties of MWCNT/epoxy composites. Reprinted from [22].

0.0 0.1 0.5 1.0 15 2.0 3.0
wt.% wt.% wt.% wt.% wt.% wt.% wt.%

Property MWCNT

E [MPa] Pristine 3430 3458 3705 3951 4138 4225 4365
Oxidized 3465 3680 3860 4050 4100 4200

ors [MPa] Pristine 64 67 69 71 74 75 71
Oxidized 67 71 74 77.5 78.5 71

es [%] Pristine 6.1 5 4.45 4.2 3.96 4.26 4.1
Oxidized 5.2 5.5 5.15 5.8 7.52 6

The improved modulus is suggested to be due to the trapping of polymer in the voids
within MWCNT aggregates, which reduces the effective volume fraction of the matrix.

The improved tensile strength is suggested to be due to the shortening of O-MWCNTSs due
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to acid-treatment. Ayatollahi et al. observed a similar trend for MWCNT/epoxies
containing up to 1.0 wt.% MWCNTSs [24].

Sun et al. developed a simple functionalization method to disentangle and
debundle O-MWCNTSs via electrostatic tethering of positively charged inorganic nanoclay
[81]. The method entails oxidizing the surface of MWCNTS in acid to induce a negative
surface charge and exfoliating a-zirconium phosphate (a-ZrP) nanoplatelets in aqueous
solution with a basic molecule to exfoliate them and induce a positive surface charge. The
two solutions are subsequently mixed and sonicated the debundle the O-MWCNTSs. The
solution of well-exfoliated MWCNTS is then transferred into organic solvent, mixed with
epoxy and a specific hardener and degassed, and finally cured. The composites exhibit
significantly enhanced modulus and tensile strength at a very low loading of MWCNTSs

(Figure 20).
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Figure 20. Tensile stress-strain curves of neat epoxy and ZrP/MWCNT/epoxy
composites. Reprinted from [81].

Long-range electrostatic interactions are given as the reason for the improved tensile
strength and ductility, whereas the individual dispersion of MWCNTSs is given in support
of the improved modulus. This observation, that nanoclays are able to individually
exfoliate MWCNTS, has never been previously reported. However, attention should be
drawn to the fact that the Ty of these samples was not reported and that it is also likely that
they are not electrically conductive due to the surface of the MWCNTS being oxidized.
White et al. dispersed PA microparticles into a matrix containing MWCNTS to
improve the fracture toughness of the brittle matrix [29]. However, the introduction of PA

caused the modulus of the ternary composite to drop by *15% as seen in Table 4.
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Table 4. Summary of tensile properties of neat epoxy and composites. Reprinted from
[29].

System E [GPa] ors [MPa] &8 [%] Kic [MPa-Vm]
Neat Epoxy 279 + 009 640 + 29 32 * 03 052 =+ 0.05
Epoxy/PA 248 + 008 696 + 19 92 + 19 08 + 0.08

Epoxy/MWCNTSs 279 £ 009 763 +* 12 62 = 14 074 + 031
Epoxy/PA/IMWCNTs 238 + 0.09 752 = 20 109 =+ 13 110 = 0.14

While the tensile strength and ductility improve for all composite systems, the ones that
contain PA exhibit reduced modulus compared to the neat resin. The reason for this is the
low T4 of PA, which imparts it with a relatively low modulus compared to the epoxy
matrix. Furthermore, the high concentration of PA (20 wt.%) also plays a contributing
role. More importantly, and contrary to what is expected when a high concentration of low
Tg filler is introduced into a high T4 matrix, no change in the Ty of the composites
(according to DMA) was observed.

Yang et al. studied the effect of surface functionalization with two different
chemical moieties on the tensile properties of MWCNT/epoxy nanocomposites [32]. The
sidewalls of MWCNTSs were covalently functionalized with
2,2’-(ethylenedioxy)-diethylamine and 1,8-diamineooctane to form liquid-like
(L-MWCNTSs) and solid MWCNTs (S-MWCNTSs), respectively. Unmodified and
modified MWCNTSs were introduced into an epoxy matrix at 0.5 wt.% via a solvent-less

process. L-MWCNTs were observed to form a homogeneous dispersion, while
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s-MWCNTSs were observed to be poorly dispersed even though they possess a similar
chemical structure as I-MWCNTSs. A system of P-MWCNTSs was also dispersed into epoxy
for comparison. The tensile and dynamic mechanical behavior of the composites was

characterized and reported Table 5.

Table 5. Tensile properties and T4 (according to DMA) of neat epoxy and MWCNT/epoxy
composites. Reprinted from [32].

System E [GPa] ors [MPa] eg [%] T¢ [°C]
Neat Epoxy 2.39 80.4 5.4 118.5
Epoxy/P-MWCNTSs 247 76.9 4.9 119.8
Epoxy/S-MWCNTSs 2.63 89.3 5.8 121.6
Epoxy/L-MWCNTs 3.07 98.8 6.7 124.1

The system containing P-MWCNTSs exhibited slightly improved modulus, but reduced
tensile strength and ductility, which is likely due to the aggregated state of the
P-MWCNTSs diminishing the ability of the MWCNTSs to effectively transfer stress
throughout the matrix and acting as stress concentrations for stress buildup. The
S-MWCNT/epoxy system exhibits enhanced modulus, tensile strength, and ductility,
although these are moderated at best. A more significant improvement in the modulus,
tensile strength, and ductility is observed for the system containing L-MWCNTSs and this

is likely due to the fact that the interaction between the functionalized surface and epoxy

42



is stronger and they are better dispersed than S-MWCNTSs. The Tq4 of the composites is
observed to increase, albeit slightly, when MWCNTs are dispersed into epoxy. The
MWCNT/epoxy composite systems exhibit larger glassy and rubbery storage moduli due
to the stiffening effect of MWCNTS on the surrounding matrix. The system containing
S-MWCNTSs exhibits higher Tg, which is suggested to be a result of the free amine groups
on the S-MWCNT surface that are able to crosslink with the epoxide groups leading to
higher crosslink density. However, due to the partially exfoliated state of the S-MWCNTS,
fewer amine groups are free to react with epoxide groups, unlike for well-exfoliated
L-MWCNTSs, which have a much larger number of free amine groups resulting in a denser

network structure.

2.3.3 Toughened epoxy composites

A number of different approaches have been developed over the years to toughen
epoxy such as: 1) rubber toughening, 2) molecular flexibilization, 3) thermoplastic particle
toughening, and 4) nanofiller toughening. The efficacy of a particular toughening
approach to improve the fracture toughness of epoxy rests on its ability to promote various
toughening mechanisms that absorb energy such as: shear band formation (with and
without particle interaction), croiding and crazing, microcracking, crack bridging, and
crack bifurcation, pinning, etc. [235]. The level of improvement that can be expected for
the toughening mechanisms mentioned is as follows: shear banding and croiding may
result in an order of magnitude improvement in Kic, crazing may result in a several fold
increase in Kc, microcracking and multiple cracking may double the Kic, cracking

bridging may result in an incremental improvement in Kic, and crack bifurcation, crack
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pinning, crack segmentation, etc. may result in a fractional enhancement of Kc. For the
case of thermoplastic-toughened epoxies, the most likely observed toughening mechanism
is crack bridging, whereby the particle is of a comparable size to that of the natural crack
tip radius and is able to bridge the crack and undergo severe plastic deformation up to
failure [29, 64-71, 73, 236, 237].

Rubber toughening, whether by reactive or non-reactive rubbers, is accomplished
by the introduction of a liquid rubber phase that phase separates upon the crosslinking of
the epoxy matrix [66, 84-87, 173, 191, 192, 238-253]. The theory behind
carboxyl-terminated butadiene and acrylonitrile (CTBN) rubber toughening of epoxy is
that the CTBN reacts with the carboxyl groups of the epoxy. Upon curing, the molecular
weight of the matrix increases leading to phase separation of the epoxy and rubber. Even
though the toughening ability of reactive and non-reactive rubbers is exceptional, as
previously evidenced, they decrease the overall strength and T4 of the matrix due to the
large concentration of relatively soft fillers that are introduced and also increase the
viscosity of matrix making it less processable [173, 251].

Toughening via the introduction of preformed thermoplastic particles such as
polyetherimide (PEI), polyethersulphone (PES) and polyamide, into an epoxy matrix has
been extensively studied since the 1980s [29, 64-71, 73, 254-256]. The earliest reported
studies on thermoplastic-toughened epoxies were conducted by Bucknall and Partridge in
1983 [257, 258]. A commercial PES was used to toughen various thermoset resins and the
resulting composites exhibited little improvement in toughness. Later studies using PES

and PEI particles concluded that while significant toughness enhancement was possible,
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it would only be observed if phase separation occurred and good interfacial adhesion was
achieved [69].

Studies involving the dispersion of preformed PA microspheres into an epoxy to:
improve the fracture toughness of the matrix and to introduce toughened interleaves into
carbon fiber-reinforced (CFR) polymers, have been conducted in recent years [29, 73, 74,
82,183, 197, 259]. PA is expected to be able to toughen epoxy via crack bridging whereby
as the crack propagates and new fracture surfaces are created, PA particles are of a
comparable size as the natural crack tip radius of epoxy that they are able to bridge the
crack and resist further propagation by absorbing fracture energy and plastically
deforming.

Sun et al. introduced PA at 5 wt.% and 10 wt.% into an epoxy matrix containing
pristine, oxidized, or sulfanilamide- (SAA) functionalized SWCNTSs at 0.5 wt.% [73]. The
tensile, fracture, and dynamic mechanical properties were investigated to determine the
reinforcement efficiency of the nylon with respect to the SWCNT/epoxy composites. It
was generally observed that the introduction of nylon reduced the modulus of the ternary
systems (those containing SWCNTs and nylon) as a function of concentration due to the
lower modulus of the PA compared to the epoxy. However, the tensile strength and
ductility improved in every ternary system with the exception of the ones containing
SAA-functionalized SWCNTSs due to adsorption of the curing agent resulting in a change
in the stoichiometric ratio. The fracture toughness of the SWCNT/epoxy systems is only
marginally improved because SWCNTSs alone are unable to promote effective toughening

mechanisms in epoxy. In contrast, the systems containing PA exhibit improved fracture
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toughness compared to not only the neat resin, but also the systems containing SWCNTSs.
This is due to the promotion of crack bridging by the PA microparticles during fracture,
whereas in the ternary system the presence of SWCNTSs and PA promote crack bifurcation,
deflection, and microcracking. Unfortunately, the T4s of the composite systems containing
PA, F-SWCNTs, and PA/SWCNTs were reduced compared to the neat resin by =5 °C.
White et al. introduced PA microparticles at 20 wt.% into an epoxy matrix with
and without pristine MWCNTS at 1.0 wt.% to improve the fracture toughness of epoxy
[29]. The Mode | fracture toughness and critical strain energy release rate of the
composites was characterized via SEN-3PB tests. To prepare the samples for testing, a
notch was introduced with a v-notch cutter to ~1-2 mm. Subsequently, a jeweler saw was
used to make a much smaller notch into which a liquid nitrogen-chilled and fresh razor
blade would be placed into. A natural crack was introduced into the samples by tapping
once or twice on the top of the razor blade. The samples were then loaded into a
three-point-bending configuration and the load versus deflection data was collected. As
seen in Table 4 and Figure 21, the fracture toughness is enhanced by the presence of PA
and MWCNTSs. However, the presence of MWCNTSs alone, is insufficient to promote
effective toughening mechanisms aside from very large clusters interacting with the crack

tip, whereas PA alone is able to bridge the crack as it propagates through the sample.
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Figure 21. Mode | critical strain energy release rate, Gic, of neat epoxy and the composite
systems. Reprinted from [29].

The ternary system containing PA microparticles and P-MWCNTSs exhibits the highest
fracture toughness compared to the neat matrix. It is suggested that the presence of
MWCNTs and PA promotes more effective crack bridging by the heterogenous
distribution of MWCNT clusters near PA that results in further plastic deformation around
the crack tip. The same explanations were given for the observed improvement in the
Mode | critical strain energy release rate. Of note, the Tgs of the composite systems

exhibited no change compared to the neat matrix, which contradicts previous work [73].
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Nanoparticle toughening of epoxies (nano silica, CNTs, graphene,
block-copolymer micelles, and nanoclay) has also been extensively studied, but has been
met with varying degrees of success [2, 24, 29, 39, 41, 43, 49, 55, 73, 105, 195, 196, 199,
201, 208, 220, 225, 260-283] Unfortunately, only moderate improvements were observed
for CNT toughening of epoxy matrices [39]. It should be pointed out that in these cases,
the CNTs were agglomerated, rather than well-dispersed. The two previously mentioned
studies are of importance because they confirm that SWCNTs and MWCNTSs, when
aggregated or partially exfoliated, are unable to effectively improve the fracture toughness
of epoxy [29, 73].

As mentioned in an earlier section, Hernandez-Perez et al. studied the effect of
aspect ratio on the mechanical properties of MWCNT/epoxy composites with 1.0 wt.%
MWCNTSs [14]. The impact on fracture toughness was also characterized and the results
were consistent with what is to be expected for composites containing two distinct groups
of MWCNTSs that have a large difference in aspect ratio. The Kc of the system containing
long MWCNTSs increased by =~33% compared to the neat matrix, while the system

containing short MWCNTS exhibited no change at all (Figure 22).
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Figure 22. Fracture behavior of neat epoxy and composites containing high aspect ratio
(CMW) and low aspect ratio (CSD) MWCNTSs. Reprinted from [14].

The Gic of the system containing high aspect ratio MWCNTSs improved by a factor of 2.3
compared to the neat matrix, while the system containing low aspect ratio MWCNTSs
exhibited a moderate increase (=12.5%). The fracture surfaces of the neat and composite
samples were imaged via SEM to explain the observed change in the fracture toughness.
The fracture surface of neat epoxy is flat and smooth, indicative of a brittle fracture.
However, the fracture surfaces of the composite systems exhibited higher surface
roughness compared to the flat surface of the neat epoxy. Tube pullout was observed,
which indicates poor particle-matrix adhesion, and is given as the reason for the enhanced
fracture toughness in the composite systems. The T of the systems was characterized via
DMA and it was observed that the presence of the MWCNTSs drove the T4 to higher
temperatures.

Zhou et al. dispersed 0.0-0.4 wt.% MWCNTSs into a conventional aerospace-grade
epoxy resin (EPON 862) with a commonly used hardener (EPICURE W) to determine if

MWCNT aggregates could be reduced via ultrasonication, and if so, would this enhance
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the mechanical or fracture behavior of the composites [16]. SEN-3PB tests were

conducted on bulk samples to determine the effect of MWCNT loading on the fracture

toughness of epoxy. A slight increase in the fracture toughness was observed (Figure 23)

up to 0.3 wt.% MWCNTS, but it decreased upon further loading (0.4 wt.%).

180 —

160 —

140 —

Fracture Toughness (MPa*mm'?2)

100 1 v 1T T 1
0.00 0.10 0.20 0.30 0.40
Weight Fraction of CNTs (%)

Figure 23. Critical stress intensity factor, Kic, as a function of MWCNT concentration.
Reprinted from [16].

The fracture surfaces of the neat epoxy and composites were investigated with SEM to
identify the mechanism(s) responsible for this observed behavior. In the composite

systems with concentrations below 0.4 wt.%, the crack was observed to have changed
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direction as it crossed MWCNTSs, indicating that crack bridging had taken place. This
explanation does not follow from intuition, it’s more likely that the MWCNTSs are
aggregated and rather than bridging the crack, they deflect it. The T4 of the neat matrix
and composite systems was not evaluated. Ayatollahi et al. also studied the effect of
MWCNT concentration on the tensile properties and fracture toughness of
MWCNT/epoxy composite systems and observed similar trends [24, 25].

A number of studies on ternary epoxy composites containing rubber, PES,
graphene, and CNTs were also studied with varying degrees of improvement [39, 105,

194, 201, 272, 275, 277-279, 281, 282, 284].

2.3.4 Summary

A large number of studies have been done over the years to determine the efficacy
of MWCNTSs in forming an electrically conductive network in epoxy and have mostly
focused on filler concentration and surface chemistry only. The studies rarely take into
account the aspect ratio, dispersion, and alignment of the nanotubes. The next section will
detail epoxy composites containing MWCNTSs for improving their stiffness and strength.

Numerous studies have also been conducted to deduce the effect of introducing
MWCNTSs, whether functionalized or not, on the tensile properties of epoxies. The studies
show that in general, the introduction of MWCNTSs does moderately improve the modulus
regardless of surface chemistry. However, if the dispersion of the MWCNTS is observed
to improve as a result of surface functionalization, then the modulus is generally observed
to increase more significantly than for a system of aggregated P-MWCNTSs. However, for

the tensile strength and ductility of the composites, not only does the presence of
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aggregates play a role, but the level of damage to the tube sidewalls as a result of surface
functionalization is crucial. If the damage is too severe, the inherently high tensile strength
of the MWCNTSs is severely diminished resulting in premature fracture of the epoxy.
Furthermore, depending on the surface chemistry of the MWCNTSs and the concentration
that is dispersed into the matrix, the change in Ty, if observed at all, is inconclusive.

In this section, the history of the toughening of epoxies with thermoplastic
particles, specifically nylon, and MWCNTs was summarized and discussed. The
importance of the particle-matrix interface, dispersion state, concentration, and size were
discussed. Rubber-toughening of epoxies has been met with the most success, whereas
CNT-toughening has been met with little success. Furthermore, the toughening of epoxies
with thermoplastic particles has its advantages and disadvantages when it comes to the
drawbacks associated with rigid and soft particles. In the case of PA, its introduction into
a relatively stiff and high-T¢ matrix result in a composite with reduced modulus and Tg,
even in the presence of very stiff CNTSs.

Finally, it should be noted that in the aforementioned studies and a majority of
what has been published in the literature, little to no care is taken to carefully examine the
morphology and dispersion of the CNTs in a matrix/solvent of interest and how that effects

the final properties of the composite.

2.4 Hybrid epoxy thin films
Epoxies are typically used in industries that require low gas/water permeability,
low electrical conductivity, low viscosity for easy processability, high strength and

stiffness, and optical clarity. Notwithstanding adhesives and coatings, freestanding films
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of epoxy have not been well-studied, particularly for multifunctional applications. The
Studies on thermoset thin films have been conducted over the years to determine if various
fillers could improve the mechanical properties, gas barrier resistance, corrosion
resistance, fracture toughness, and electrical and thermal conductivities [5, 31, 178-180,
184, 285-301]. The study of epoxy, a commonly used thermoset polymer in the aerospace,
automotive, and coatings/sealants industries, in thin film composite form has only been
studied on a handful of occasions [5, 31, 178-180, 285-297, 302].

The fracture toughness of thin, brittle polymeric films has been studied since the
1980s, but has not reached a level of understanding as in the case of bulk composites, even
though thin films are used in a number of applications [293, 297, 298, 300, 301, 303-307].
In short, the number of publications that report the mechanical behavior of free-standing
epoxy thin films is low. A few studies have shown that the stiffness and strength of epoxy
films are able to be enhanced with the introduction of a dispersion of nanofillers . The
number of publications that report the multifunctional behavior of free-standing epoxy
thin films is even lower. Therefore, a more concerted effort is needed to better understand
the processing-structure-property relationships in epoxy thin films for various

applications.

2.5 Concluding remarks

The previously detailed literature review highlighted the history, problems, and
recent advances associated with MWCNT functionalization, epoxy nanocomposites
containing MWCNTSs for improved stiffness, strength, and electrical conductivity, epoxies

toughened with thermoplastic particles and MWCNTS, and thin film epoxies and their
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composites. Several systems were presented, including unfunctionalized and
functionalized MWCNTS in epoxy, epoxies toughened with nylon, and multifunctional
epoxies.

The effectiveness of covalent and non-covalent functionalization techniques to
effectively and efficiently disperse MWCNTS in various solvents and epoxies is strongly
dependent on particle-particle interactions, particle-matrix interactions, aspect ratio, and
loading level [13, 50, 56-58]. The effectiveness of MWCNTSs and thermoplastic particles
on enhancing the mechanical, electrical, and fracture properties of epoxy also strongly
depends on aspect ratio, concentration, dispersion, particle-particle, and particle-matrix
interactions [13, 29, 50, 56-58, 64, 65, 67-69, 71, 73]. In the case of nanotube reinforced
epoxy nanocomposites, the level of dispersion of the nanofillers is one of the most
significant factors in determining the mechanical properties, electrical properties, fracture
behaviors, and toughening mechanisms of the fabricated composite. Despite extensive
research efforts over the past two decades, the mechanisms by which nanoscale fillers
influence the macroscale behaviors of polymer nanocomposites, let alone thin films, have

yet to be completely understood and demand subsequent investigation.

54



CHAPTER Il
DISPERSION OF FUNCTIONALIZED MWCNTS IN ORGANIC SOLVENT AND

EPOXY*

3.1 Introduction

Since their discovery in 1991 by lijima, CNTs have been extensively studied and
the number of publications per year continues to grow [59, 60, 88]. Their superior
electrical, thermal, and mechanical properties make them attractive candidates for polymer
nanocomposites [40, 47, 50, 52, 54, 55, 59, 60, 95, 99, 101, 102, 108, 123, 126, 158, 168,
209]. In recent years, numerous studies have focused on developing new functionalization
methods for CNTs to be used in varied applications without destroying the C-C lattice.
For example, defects on the CNT surface have been used as templates for the adsorption
of metallic and metallic oxide QDs [113, 133, 140-142, 154]. These CNT/QD hybrids
have emerged as a new class of functionalized CNTs that exhibit unique catalytic,
magnetic, electrical, and optical properties that may help to improve the electrical and
mechanical performance of epoxies.

ZnO has recently attracted significant attention due to its wide band gap (3.37 eV),
low cost, nontoxic nature, and high electron mobility [308]. The integration of CNTs and
ZnO QDs may result in a hybrid material that exhibits features characteristic of the

constituents and could be used in the nanotechnology industry.

*Reprinted with permission from “Tensile Properties and Electrical Conductivity of
Epoxy Composite Thin Films Containing Zinc Oxide Quantum Dots” by S. A. Hawkins,
H. Yao, H. Wang, and H.-J. Sue, 2017, Carbon, 115, 18-27, Copyright 2016 by Elsevier.
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Previously, ZnO/CNT hybrids were prepared by thermal deposition of wet chemistry,
chemical vapor deposition, sputter coating, depending on the zinc oxide precursors [144,
157, 160, 163-166, 309, 310]. Thermal deposition involves maintaining very strict control
of temperature (up to 1000 °C). For example, ZnO is able to grow directly on the CNT
surface via vapor-solid growth, whereby Zn atoms are provided by evaporating a foil at
500-600 °C [311]. Thermal evaporation has also been used by Chrissanthopoulos to
decorate the surface of MWCNTSs whereby ZnO powder, graphite powder, and MWCNTSs
are placed into a furnace at <1000 °C causing the carbothermal reduction of ZnO into Zn,
which is then transferred in the gaseous phase to the surface of the MWCNTS and oxidizes
[310]. Conversely, the wet chemistry approach is the preferred method due to its ease of
processing and scalability. Jiang et al. synthesized ZnO/MWCNTSs with a similar approach
as Sun et al. by refluxing of a solution of zinc acetate dihydrate and lithium hydroxide
monohydrate in anhydrous ethanol containing SDS at 80 °C for 3 hr [144, 312]. Recently,
Sun et al. developed a method, similar to Meulenkamp et al., whereby colloidal ZnO QDs
are synthesized by refluxing a solution of zinc acetate dihydrate and potassium hydroxide
at 60 °C for 2 hr and purified by washing and filtration [77, 313]. Magnetron sputtering,
microwave irradiation, thermal hydrolysis, sol chemistry, covalent coupling have also
been used to fabricated ZnO/CNT hybrids with various microstructures [134, 157, 163,
166, 314].

Even though numerous studies aimed at developing ZnO/CNT hybrids were

performed, the average particles sizes ranged between 10-70 nm without much control
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over their polydispersity and shape [144, 160, 163, 171, 309, 310, 314, 315]. Therefore,
the ability to prepare consistent ZnO/CNTs with a mean particle diameter of <10 nm at
low temperature (<100 °C) remains.

In the present study, an in-situ method has been developed to prepare
ZnO/MWCNT hybrids (with and without previous surface oxidation) that have an average
particle diameter of ~4-5 nm. The ZnO/MWCNT hybrids synthesized via our new
functionalization approach are observed to be well-decorated, soluble and stable in
methanol, and  well-dispersed in methanol and a  mixture  of
acetone/methanol/epoxy/curing agent. This is the first report to demonstrate a
well-dispersed system of ZnO-functionalized MWCNTSs using a simple, two-step

procedure.

3.2 Experimental

3.2.1 Materials

The epoxy resin used in this work was D.E.R.™ 354, a diglycidyl ether of
bisphenol F (DGEBF) liquid epoxy prepolymer, donated by DOW Chemical, with an
epoxide equivalent weight of 158 g/eq. EPIKURE™ W, a diethyltoluene diamine
(DETDA) curing agent, was donated by Momentive Specialty Chemicals Inc. (Columbus,
OH), with an amine equivalent weight of 43.29 g/eq, was used as the curing agent.
MWCNTSs were donated by Arkema with reported inner and outer diameters of 2-6 nm
and 10-15 nm, respectively, length of 0.1-10 um, >90 % carbon content, and a reported

density of =2.1 g/cm®. Zinc acetate dihydrate and potassium hydroxide (KOH) were
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purchased from Sigma-Aldrich and used as received. Acetone and methanol (MeOH) were
purchased from Macron Fine Chemicals and Sigma-Aldrich and used as received. All
materials were dried at =70 °C overnight and used as received with the exception of
MWCNTSs, which were subjected to mild oxidation according to previous reports [73, 81,

124, 180].

3.2.2 Pretreatment of MWCNTSs

About 250 mg of P-MWCNTSs were added to a concentrated mixture of sulfuric
(45 mL) and nitric acid (15 mL) at a 3:1 volume ratio and ultrasonicated in a sonication
bath (Branson 2510) for 2 h at 25 °C. Next, 190 mL of deionized water (DI-H20) was
added to hinder further oxidation and the solution was sonicated for another 1 h at 25 °C.
After oxidation, the MWCNTSs were isolated with a polyvinylidine fluoride (PVDF) filter
membrane (Millipore, Durapore, 0.45 um pore size) under vacuum. The O-MWCNTS
were washed four times with DI-H2O during the filtration process to remove any trace of
acid residue. Then, the solution was washed with MeOH four times, and the O-MWCNTs
were collected and resuspended in MeOH at a concentration of 1 mg/mL using

ultrasonication for 1 h.

3.2.3 Synthesis of ZnO/MWCNTSs

The synthesis of ZnO nanoparticles in MeOH is reported elsewhere [77, 313]. The
procedure to prepare ZnO-functionalized MWCNTSs is similar to the above method.
P-MWCNTSs (160 mg) or O-MWCNTs (160 mg) in MeOH were added to a flask and

sonicated for 30 min to obtain a homogenous solution. Next, KOH (1 g) was added to the
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flask and dissolved via sonication for 10 min. Concurrently, zinc acetate dihydrate (1.96
g) was added to a separate flask with MeOH and dissolved via sonication for 5 min. After
both reactants were completely dissolved, the solutions were mixed at 60 °C while stirring
at 300 RPM to initiate the reaction. Then, the solution was refluxed at 60 °C for 2 h to
promote the growth of ZnO QDs. After initiation and growth, the ZnO/P-MWCNTSs and
ZnO/O-MWCNTs were filtered through a PVDF membrane (0.45 um pore size) under
vacuum with MeOH four times and then redispersed in MeOH via ultrasonication for 1 h.
Their concentrations were determined by pipetting a predetermined amount of solution
into an aluminum weighing dish and the weight recorded. Next, the solution was left in an
oven overnight at 60 °C to slowly evaporate the solvent. Finally, the pan with dry
ZnO/P-MWCNTs was weighed and the difference was divided by the initial solution

volume to determine the concentration of ZnO/P-MWCNTSs in MeOH.

3.2.4 Dispersion of ZnO/MWCNTSs into solvent/matrix

A predetermined amount of ZnO/MWCNTSs was pipetted into a glass flask at a
specific concentration. Acetone was added to the solution at a 1:2 ratio by volume and the
solution was homogenized via ultrasonication for 30 min. Then, the solution was pipetted
into a glass cuvette for observation with an optical microscope in transmission mode to
observe the current level of dispersion. UV-Vis-NIR spectroscopy was used to

characterize the dispersion state, stability, and morphology of ZnO/MWCNTS in solution.
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3.2.5 Characterization

UV-Vis absorbance spectra of ZnO/MWCNT solutions were acquired with a
UV-Vis-NIR spectrophotometer (Shimadzu, UV-3600). Thermogravimetric analysis
(TGA) was performed with a TGA Q500 (TA Instruments) on =5 mg samples in oxygen
purging at 40 mL/min at a heating rate of 10 °C from room temperature to 900 °C with a
15 min isotherm to determine the concentration of ZnO and MWCNTSs present in the
composite systems. The difference in weight after decomposition at ~300 °C and 500 °C
was defined as the wt.% of MWCNTSs present in the ZnO/MWCNT solution. For the
purposes of this paper, all wt.%/wt.% ratios between ZnO/MWCNTSs were held at 2:1.
Zeta potential of the MWCNT and ZnO/MWCNT solutions was measured with a Delsa™
Nano Submicron particle analyzer (Beckman Coulter, Inc.). The solutions were diluted to
0.1 mg/mL in MeOH for various measurements.

X-ray photoelectron spectroscopy (XPS) was obtained from a Kratos Axis Ultra
using a non-monochromatic MgK., photon source (1486 eV). UV-Vis absorbance spectra
were acquired with a UV-Vis-NIR spectrophotometer (Shimadzu, UV-3600) on 25 um
thick liquid samples before curing. X-ray diffraction (XRD) spectra of ZnO and
ZnO/MWCNTSs were generated using a Bruker D8 Advanced Powder XRD with CuK,
incident radiation (k = 1.5418 A). Transmission optical microscopy (TOM) images of
filler dispersion were obtained by pipetting a predetermined amount of ZnO/MWCNTSs in
solution at a specific concentration into a glass cuvette and observing it under an Olympus

BX60 microscope with a Canon Mark 2 Digital Camera.
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3.3 Results and discussion

3.3.1 MWCNT functionalization

The synthesis of ZnO QDs using zinc acetate and potassium hydroxide in MeOH
was previously reported in the literature [77-79]. The high dielectric constant of MeOH
compared to other solvents results in high solubility of zinc acetate and quicker formation
of ZnO QDs [316]. The in situ preparation of ZnO/P-MWCNTS as seen in Figure 24 is

similar to the synthesis of ZnO QDs with a slight alteration.

tMWCNT e7n* »OH O ZnO

Figure 24. Schematic of ZnO/P-MWCNT synthesis. (a) Zinc acetate and potassium
hydroxide are added into a sonicated P-MWCNT/MeOH solution; (b) ZnO QDs are grown
on the surface of CNTs by refluxing for 2 h at 60 °C; (c) Homogeneously exfoliated
ZnO/P-MWCNTSs in MeOH [302].

P-MWCNTs are disentangled by ultrasonication coupled with electrostatic
repulsion between ZnO QDs and steric hindrance effects. Functional groups or defects on

the CNT surface have been theoretically confirmed to act as binding and reactive sites for
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nanoparticle nucleation, and the nucleation energy of metal oxides can be reduced when
additional functional groups are present on the surface of MWCNTSs [59, 130, 133, 134,
141-143, 150, 154, 155, 317, 318]. Therefore, it is energetically more favorable for ZnO
to nucleate on O-MWCNTS, leading to accelerated nucleation. Several oxygen-containing
functional groups are commonly observed on the surface of O-MWCNTSs via FTIR:
hydroxyls, carboxyls, and epoxides [30, 62, 81, 111, 112, 116-122, 319, 320]. It is believed
that carboxyl groups are the most likely anchoring sites for ZnO nanoparticles to interact
with because it is the most polar and has a stronger negative charge compared to the other
oxygen functional groups.

The morphologies of the functionalized P-MWCNTs and O-MWCNTSs were
characterized via TEM to provide direct evidence of ZnO QDs surface decoration. As seen
in Figure 25, P-MWCNTSs exhibit an outer diameter of 10-20 nm and tend to curl due to

kinking and buckling in the graphitic structure (Figure 25a) [34].
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Figure 25. TEM of (a) P-MWCNTs, (b) ZnO/P-MWCNTs, (c) O-MWCNTs, and (d)
ZnO/O-MWCNTSs with scale bars = 25 nm. Inset in (b) shows high magnification TEM
of ZnO/P-MWCNT surface with scale bar =2 nm [302].

ZnO QDs appear to be directly attached to the surface of P-MWCNTSs and
O-MWCNTSs and increases their effective diameters to 20-28 nm. TEM micrographs of
the functionalized P-MWCNTSs clearly exhibit well-packed QDs with spherical shape and
nearly uniform size on the surface (Figure 25b). Spherical ZnO QDs can be clearly seen

on the surface of a P-MWCNT in Figure 26.
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Figure 26. High resolution TEM icrograp of ZnO-MT after functionalization
with scale bar =5 nm [302].

ZnO/O-MWCNTs are observed to have uneven surfaces with some clustering of QDs as
compared to ZnO/P-MWCNTSs (Figure 25d). In Figure 27, ZnO QDs can also be clearly
observed on the surface of an O-MWCNT; however, there appears to be some clustering

in the upper portion of the tube.
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Figure 27. High resolution TEM micrograph of ZnO/O-MWCNT after functionalization
with scale bar =5 nm [302].

XRD spectra of ZnO, ZnO/P-MWCNTSs, and ZnO/O-MWCNTSs exhibit various
peaks associated with ZnO and P-MWCNTSs as seen in Figure 28. The diffraction peaks
at 20 = 31.7°, 34.3°, 36.1°, 47.4°, 56.4°, 62.91°, and 67.9°match with (100), (002), (101),
(102), (110), (103) and (112) reflections of the Wurtzite ZnO structure [77]. The
characteristic peaks for CNTs are observed at 26 = 25.9° (002) and 43.2° (100) [321]. The
interplanar spacing of ZnO was measured as 0.27 nm, which corresponds well with the
(002) plane of ZnO with a hexagonal structure. P-MWCNTSs exhibited an interlayer

distance of 0.35 nm (Figure 25b).
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Figure 28. XRD spectra of ZnO QDs, ZnO/P-MWCNTSs, and ZnO/O-MWCNTSs. Peaks
characteristic of CNTs are marked by red dots [302].

XPS was used to determine the carbon to oxygen (C/O) ratio, which is indicative
of the surface characteristics of the MWCNTSs with oxygen-containing functional groups.
Figure 29a represents a typical XPS spectrum of ZnO/P-MWCNTS; zinc, oxygen, and
carbon are the dominant species. The results indicate that the P-MWCNTs and
O-MWCNTSs have a C/O ratio of 25 and 12, respectively. This indicates that more
oxygen-functional groups are present on the O-MWCNT surface. XPS was also used to

measure the electronic coupling between ZnO and the P-MWCNT surface.
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Figure 29. (a) XPS spectrum of ZnO/MWCNTS, and (b) XPS spectra of Zn 2ps2 0n Zn0O,

ZnO/MWCNTSs, and ZnO/O-MWCNTSs [302].

The high-resolution spectra of Zn 2ps2 for ZnO, ZnO/P-MWCNTSs, and
ZnO/O-MWCNTSs are shown in Figure 29b. The Zn 2ps/2 peak is positioned at 1021.4 eV
with high symmetry for ZnO, indicating the presence of Zn?* [309]. However, the peaks
for ZnO/P-MWCNTSs and ZnO/O-MWCNTSs exhibit a shift to higher binding energy by
0.46 eV and 0.79 eV, respectively. This shift signifies increased oxidation of Zn due to
their proximity to the electronegative MWCNTSs [322]. The presence of an electronegative
MWCNT surface creates a strong dipole moment with ZnO QDs. Therefore, strong
coupling between ZnO QDs and MWCNTSs exists on the surface between them, not merely
physisorption. This lends more credence to the TEM images in which the ZnO crystallites

are observed to firmly attach to the MWCNT surface [116].

The wt.%/wt.% ratios between ZnO QDs and MWCNTSs in functionalized

MWCNTs were calculated from the initial solution concentration and the difference in
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weight percent at 370 °C and 650 °C, the loss of acetate ions, similar to purified ZnO, and
the degradation of MWCNTS, respectively, as seen from the TGA curves shown in Figure
30 [77]. For ZnO/P-MWCNTs and ZnO/O-MWCNTSs, the wt.%/wt.% ratios were

calculated to be =1.5/1.
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Figure 30. Weight loss and derivative weight loss curves of ZnO/MWCNTs and
ZnO/O-MWCNTSs as a function of temperature with residual weight at 370 °C and 650 °C
marked [302].

Given the calculated wt.%/wt.% ratios are equal, the systems can be compared in terms of
their morphology and effect on the electrical and tensile properties. The observed initial
weight increase (<1%) is attributed to the buoyancy effect commonly reported for
vertically aligned TGAs. In short, as the furnace begins to heat, the walls become hotter
than the center, causing vertical circulation throughout the chamber. The hot air near the

walls rises, while the cold air is pushed down resulting in a drag force on the sample that
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increases the apparent weight %. It is also possible that slight oxidation of the MWCNTSs

occurs during the TGA run in air [116].

3.3.2 ZnO/MWCNT stability in solvent/matrix

The UV-Vis absorption spectra of ZnO QDs, P-MWCNTSs, and ZnO/P-MWCNTSs

were quantified in MeOH at a concentration of ~ 3mg/mL (Figure 31).
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Figure 31. UV-Vis absorption spectra of ZnO, P-MWCNTs, and ZnO/P-MWCNTS.
Reprinted from [323].

The P-MWCNT solution exhibits a large absorption range from ~250-500 nm. The ZnO
absorption spectrum exhibits a well-defined onset at ~359 nm, characteristic of ZnO QDs.

The absorption spectrum of ZnO-functionalized P-MWCNTSs exhibits characteristics of
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both individual spectra. It is likely that the absorption spectrum of ZnO/O-MWCNTS is
very similar to that of ZnO/P-MWCNTSs and it, therefore, was not measured.
Concentrated solutions (=3 mg/mL) demonstrate good stability and solubility in

methanol for several months (Figure 32a).
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Figure 32. (a) Photograph of ZnO methanol solution with different types of CNTs, and

UV-Vis absorption spectra of the soluble ZnO/P-MWCNT suspension in MeOH after

standing for (b) 0 days and (c) 30 days. Reprinted from [323].

UV-Vis spectroscopy was conducted to quantify the stability of the suspensions as a
function of time (Figure 32). As seen in Figure 32, the absorption spectra of ZnO remains
relatively unchanged over the course of a month. Similarly, the absorption spectra of
ZnO/O-MWCNTs as a function of time is expected to exhibit similar behavior as

ZnO/P-MWCNTSs given their zeta potential values are similar.
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The stability of the solutions was characterized by their zeta potentials in MeOH.
In general, nanoparticles with a zeta potential magnitude |Z| greater than 30 mV are
expected to be stable from electrostatic repulsive forces [62]. Zeta potential values for
ZnO QDs, P-MWCNTSs, O-MWCNTSs, and their functionalized counterparts are listed in
Table 6. ZnO QDs have a measured zeta potential value of +44 mV in MeOH, while
P-MWCNTs and O-MWCNTSs exhibit negative values of -15 mV and -28 mV,
respectively. After in situ decoration of ZnO QDs on the tube surface, the zeta potential
values of P-MWCNTSs and O-MWCNTSs shift to positive values of +41mW and +34 mV,

respectively.

Table 6. Zeta potential values of ZnO QDs, MWCNTSs, and ZnO/MWCNTSs in MeOH
[302].

Samples ZnO P-MWCNT ZnO/P-MWCNT O-MWCNT ZnO/O-MWCNT

Zeta potential
(eV)

+44 -15 +41 -28 +34

3.3.3 ZnO/MWCNT dispersion in solvent/matrix

The dispersion state of ZnO QDs in the presence of P-MWCNTs and O-MWCNTSs
was monitored before and after curing via UV-Vis spectroscopy. The absorption onset of
individually dispersed colloidal ZnO nanoparticles was observed to be 359 nm as reported

in previous work [77, 79]. Absorbance spectra of glass, DGEBF and DETDA were
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acquired to compare the absorbance spectra of ZnO/MWCNT hybrids in
DGEBF+DETDA. DGEBF, DETDA, and the mixture of the two were observed to have
absorption onsets of 306 nm, 325 nm, and 320 nm. Furthermore, the glass slides used to
create a custom cuvette with a slot thickness of 25 um were observed to have an absorption
onset of 285 nm. Therefore, the materials used will not alter the absorption onset
characteristic of colloidal ZnO. However, due to the strong absorbance of MWCNTSs
around 300-325 nm, the dispersion state of ZnO QDs cannot be conclusively determined
based on their recorded absorbance spectra. It appears that the dissociation of ZnO QDs
from the P-MWCNT surface likely occurs during the curing procedure. This implies that
the change in solubility and/or thermal energy released during cure is sufficient to
overcome the stability of ZnO QDs on the P-MWCNT surface leading to subsequent

partial aggregation of ZnO QDs.

3.4 Conclusions

Stable solutions of ZnO/MWCNTs were successfully prepared via a simple
two-step approach whereby ZnO QDs were grown in situ in a MeOH solution containing
MWCNTSs by refluxing at elevated temperature. Various characterization techniques
(XRD, UV-Vis-NIR, XPS, TOM, TEM, TGA, and zeta potential) were used to determine
the morphological structure, stability, and dispersion of the hybrid MWCNTSs after
functionalization. The MWCNT hybrid exhibited large positive zeta potential values after
functionalization with ZnO QDs and this led to the observed stability of ZnO/MWCNT
solutions over the course of 30 days by UV-Vis-NIR. Furthermore, the structure of the

hybrid MWCNTSs was investigated with TEM, XRD, TGA, and XPS. TEM images
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revealed the presence of a decorated MWCNT containing spherical QDs with a narrow
size-distribution of =5 nm in diameter. Furthermore, the QDs were identified as ZnO and
having a wurtzite crystal structure via XRD based on the peaks observed for ZnO QDs
alone. Moreover, TGA spectra revealed that the MWCNTSs were decorated with ZnO QDs
at a wt.%/wt.% ratio of ZNO/MWCNTSs of =2:1. Finally, the dispersion level of the
ZnO/MWCNTSs was observed to be exceptional when in MeOH, even after the epoxy and

curing agent were dissolved in solution.
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CHAPTER IV
EFFECT OF MWCNT FUNCTIONALIZATION ON MECHANICAL AND

ELECTRICAL PROPERTIES OF EPOXY NANOCOMPOSITE THIN FILMS*

4.1 Introduction

Epoxy resins have seen widespread use in the aerospace and automotive industries
due to their excellent chemical resistance, thermal stability, and mechanical properties.
However, when used in applications where electrical conductivity is required, such as
electromagnetic interference (EMI) shielding, a secondary phase consisting of conductive
fillers is necessary. Conductive fillers such as aluminum, gold, silver, graphite, or carbon
black have commonly been used to increase the electrical conductivity of a particular
polymer matrix, but mechanical strength and ductility are significantly reduced at the filler
concentrations necessary to achieve conductivity [185]. The discovery of carbon
nanotubes (CNTS), which have high aspect ratios and excellent electrical and mechanical
properties, has been favorably linked to the development of conductive and
multifunctional composites [11, 12, 23, 25, 26, 29-31, 40, 49, 56, 88, 92, 94, 97-100, 102,
103, 105-108, 209, 324, 325]. In this work, a new method is introduced to physically
functionalize multi-walled (MWCNTSs) and disperse them in an aerospace grade epoxy
resin to prepare an electrically conductive, strong composite for potential use as a B-staged
interleave in carbon fiber reinforced composites (CFRCs) using vacuum assisted resin

transfer molding (VaRTM) [74, 178-180].

*Reprinted with permission from “Tensile Properties and Electrical Conductivity of
Epoxy Composite Thin Films Containing Zinc Oxide Quantum Dots” by S. A. Hawkins,
H. Yao, H. Wang, and H.-J. Sue, 2017, Carbon, 115, 18-27, Copyright 2016 by Elsevier.
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Single-walled CNTs (SWCNTSs) have among the highest values of modulus,
strength, electrical conductivity, and thermal conductivity of all known materials [326-
329]. However, they are expensive and tend to bundle into ropes with adjacent tubes due
to high van der Waals (vdW) interactions, thus limiting their effectiveness at reinforcing
mechanical and conductive properties in polymer composites [81]. MWCNTS, on the
other hand, have inherently lower modulus and conductivity compared to SWCNTSs, but
are able to more significantly enhance those properties in polymer composites [330].
MWCNTSs in epoxy have been observed to form electrically percolated networks at low
volume fractions [10, 98, 100, 331]. Previous experimental work has shown that MWCNT
treatment via functionalization, ultrasonication, etc., causes an increase in the percolation
threshold, while mechanical properties are not affected [99]. In order to improve the
mechanical properties of a matrix, MWCNTSs need to be well-dispersed and have strong
mechanical adhesion to the matrix [42]. Surface functionalization has been shown to
exhibit well-dispersed CNTs with improved chemical bonding, commonly done through
exposure to a mixture of sulfuric and nitric acids [8, 111-113, 117-119, 121].

Sun and Warren et al. studied the tensile properties of SWCNTs in epoxy
composites and as interleaves in CFRCs [73, 81, 124, 178, 180, 181, 319]. It was observed
that SWCNT oxidation followed by covalent surface functionalization with
polyamido-amine generation-0 (PAMAM-0) resulted in improved dispersion and
adhesion in an epoxy matrix. These improvements led to enhanced modulus, but only
marginal improvement in tensile strength to the epoxy composite [124]. A newly

developed functionalization method whereby oxidized MWCNTSs are electrostatically
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tethered to exfoliated zirconium phosphate nanoplatelets was developed by Sun et al. [81,
319, 332]. When ternary composites were fabricated by dispersing these nanoparticles in
epoxy at low concentration (0.2 wt.% and 0.4 wt.% MWCNTSs), the composites exhibited
exceptionally improved modulus and strength without any reduction in ductility [81].
Here, we present a new approach to synthesize functionalized MWCNTSs via in
situ growth of positively charged zinc oxide (ZnO) QDs, resulting in a system of
well-exfoliated MWCNTSs in epoxy matrices. ZnO, a semiconductor, has garnered
attention due to its wide band gap, low cost, high electron mobility, and environmental
friendliness [308]. The large surface area-to-volume ratio and exceptional electrical
conductivity of MWCNTs make them a good candidate for ZnO decoration [144, 157,
160, 162-166, 171, 309, 310, 314, 333]. Ideally, ZnO nanoparticles would decorate
individually exfoliated MWCNTSs without aggregating on the surface. If achieved, the
interfacial contact between MWCNTs and ZnO would facilitate electron conductivity
among MWCNTs in an epoxy matrix. Our approach takes advantage of the
electronegative nature of MWCNTS to electrostatically deposit positively charged ZnO
QDs, which overcome the attractive vdW forces between tubes to achieve individual
dispersion in organic solvents and in epoxy [62, 323]. In this work, we present the tensile
properties and electrical conductivity of epoxy composite thin films containing
ZnO-functionalized pristine  MWCNTs (P-MWCNTs) and oxidized MWCNTSs
(O-MWCNTSs). We demonstrate that the above approach can greatly improve tensile

properties without decreasing the Tq of the epoxy or the electronic state of the P-MWCNTSs
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in epoxy as compared to relevant experimental findings in the literature. The usefulness

of the present study for multifunctional application of epoxy composites is discussed.

4.2 Experimental

4.2.1 Materials

The epoxy resin used in this work was D.E.R.™ 354, a diglycidyl ether of
bisphenol F (DGEBF) liquid epoxy prepolymer, donated by DOW Chemical, with an
epoxide equivalent weight of 158 g/eq. EPIKURE™ W, a diethyltoluene diamine
(DETDA) curing agent, was donated by Momentive Specialty Chemicals Inc. (Columbus,
OH), with an amine equivalent weight of 43.29 g/eq, was used as the curing agent.
MWCNTSs were donated by Arkema with reported inner and outer diameters of 2-6 nm
and 10-15 nm, respectively, length of 0.1-10 um, >90 % carbon content, and a reported
density of =2.1 g/cm®. Zinc acetate dihydrate and potassium hydroxide (KOH) were
purchased from Sigma-Aldrich and used as received. Acetone and methanol (MeOH) were
purchased from Macron Fine Chemicals and Sigma-Aldrich and used as received. Release
paper composed of a cellulose-based paper coated with polydimethylsiloxane (PDMS)
was donated by Experia Specialty Solutions. Epofix™ Cold-Setting Embedding Resin and
Hardener were purchased from Electron Microscopy Sciences and used to embed thin
films for electron microscopy observation. All materials were dried in a vacuum oven at
~70 °C overnight and used as received with the exception of MWCNTS, which were

subjected to mild oxidation according to previous reports [73, 81, 104, 124, 332].
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4.2.2 Pretreatment of MWCNTSs

Around 250 mg of P-MWCNTSs were added to a concentrated mixture of sulfuric
(45 mL) and nitric acid (15 mL) at a 3:1 volume ratio and ultrasonicated in a sonication
bath (Branson 2510) for 2 h at 25 °C. Next, 190 mL of deionized water (DI-H20) was
added to hinder further oxidation and the solution was sonicated for another 1 h at 25 °C.
After oxidation, the MWCNTSs were isolated with a polyvinylidine fluoride (PVDF) filter
membrane (Millipore, Durapore, 0.45 um pore size) under vacuum. The O-MWCNTS
were washed four times with DI-H.O during the filtration process to remove any trace of
acid residue. Then, the solution was washed with MeOH four times, and the O-MWCNTs
were collected and resuspended in MeOH at a concentration of 1 mg/mL using

ultrasonication for 1 h.

4.2.3 Synthesis of ZnO/MWCNTSs

The synthesis of ZnO nanoparticles in MeOH is reported elsewhere [77, 313]. The
procedure to prepare ZnO-functionalized MWCNTS is similar to the above method.
P-MWCNTSs (160 mg) and O-MWCNTSs (160 mg) in MeOH were added to a flask and
sonicated for 30 min to obtain a homogenous solution. Next, KOH (1 g) was added to the
flask and dissolved via sonication for 10 min. Concurrently, zinc acetate dihydrate (1.96
g) was added to a separate flask with MeOH and dissolved via sonication for 5 min. After
both reactants were completely dissolved, the solutions were mixed at 60 °C while stirring
at 300 RPM to initiate the reaction. Then, the solution was refluxed at 60 °C for 2 h to
promote the growth of ZnO QDs. After initiation and growth, the ZnO/P-MWCNTSs and

ZnO/O-MWCNTs were filtered through a PVDF membrane (0.45 um pore size) under
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vacuum with MeOH four times and then redispersed in MeOH via ultrasonication for 1 h.
Their concentrations were determined by pipetting a predetermined amount of solution
into an aluminum weighing dish and the weight recorded. Next, the solution was left in an
oven overnight at 60 °C to slowly evaporate the solvent. Finally, the pan with dry
ZnO/P-MWCNTs was weighed and the difference was divided by the initial solution

volume to determine the concentration of ZnO/P-MWCNTSs in MeOH.

4.2.4 Thin film composite preparation

DGEBF and DETDA were used as the matrix and hardener, respectively, to
fabricate epoxy composite thin films. DGEBF (3.92 g) and DETDA (1.18 g) were added
to a flask and degassed at 60 °C on a rotary evaporator under vacuum at 60-120 RPM for
30 min. The epoxy mixture was then B-staged in a preheated oven at 121 °C for 45 min
to increase its viscosity for thin film processing. Once B-staged, the solution was poured
onto an Elcometer 4340 Thin Film Coater preheated to 80 °C and cast at 5 mm/s to a
thickness of 100-200 um. Then, the film was placed in a preheated oven at 121 °C and
cured for 2 h followed by a post-cure at 177 °C for 3 h. Composite films were fabricated
according to the same procedure with a slight alteration. A ZnO/P-MWCNT composite
film was prepared by sonicating a predetermined amount of ZnO/P-MWCNTs in MeOH
in a flask for 30 min. DGEBF and DETDA were dissolved in acetone via sonication for 5
min and were subsequently added to the ZnO/P-MWCNT MeOH solution with a final
MeOHy/acetone vol.%/vol.% of 2/1. The mixed composite solution was then sonicated for
15 min followed by removal of the solvent using a rotary evaporator at 60 °C for 15 min

at 60-120 RPM. Next, the viscous resin was degassed in a vacuum oven at 80 °C for 2 h
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to ensure the complete removal of solvent. Then, the resin was carefully removed with a
spatula and placed on a thin film coater preheated to 80 °C and cast at 5 mm/s to a thickness
of 100-200 pum. For the O-MWCNT systems, the thin film coater was preheated to 100 °C
due to their increased viscosity compared to the P-MWCNT systems. Once cast, the films
were placed in an oven and cured at 121 °C for 2.75 h followed by a post cure at 177 °C
for 3 h. The curing time and temperature were held constant at 2.75 h at 121 °C followed

by 3 h at 177 °C to ensure the same degree of cure for all systems.

4.2.5 Characterization

Differential scanning calorimetry (DSC) was conducted with a DSC Q20 (TA
Instruments) from 30 °C to 180 °C with a ramp rate of 10 °C/min to determine the glass
transition temperature (Tg) of the epoxy systems. The T4 was defined as the point of
inflection during the second heating cycle. Dynamic mechanical analysis (DMA) in
tension was conducted on an RSA-G2 DMA (TA Instruments) in the linear viscoelastic
region of each sample at a strain amplitude of 0.05%, frequency of 1 Hz, and at a heating
rate of 10 °C/min from room temperature to 180 °C. T4 was reported as the peak in the tan
d curve and was compared to the Tg measured via DSC to check for any differences in the
observed behavior. The values were consistent for all systems and differed by =10 °C
which is typical between the two tests. The storage modulus in the glassy region was
compared to the measured elastic modulus for all films.

Transmission electron microscopy (TEM) images of MWCNT dispersion and
morphology were obtained by microtoming cured samples (80-100 nm) and observing

them using a JEOL JSM7500F and a JEOL JEM-2010 operated at 60-200 KkV.
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Transmission optical microscopy (TOM) images of filler dispersion were obtained by
polishing cured samples (100-200 um) and observing the thin sections under an Olympus
BX60 microscope with a Canon Mark 2 Digital Camera.

Four-point-probe conductivity measurements were performed on free-standing
P-MWCNT and ZnO/P-MWCNT films with an Agilent Digital Multimeter (Agilent
Technology, US) with a tip spacing of 1.6 mm. The electrical conductivity of epoxy
composite thin films was measured using a four-point-probe (Signatone, SP4-40045TBY)
on a resistive stand (Signatone, Model 302), which is lowered onto the film and a high
impedance current source (Keithley 6221) was connected to the outer two probes. A
voltmeter (Keithley 2000) was used to measure the voltage drop across the inner two

probes. The conductivity was calculated by using the formula:

o=
i

m2’

@)

—<| =

t-k
where o is the electrical conductivity (S/m), V is the voltage drop measured across the
inner two probes, 1 is the current through the outer two probes, t is the thickness of the
film being measured, and k is a correction factor that depends on the diameter and
thickness compared to the probe spacing. The thickness of the films was measured with a
micrometer (Mitutoyo, 293-340) at the location of contact.

Tensile tests were conducted on a screw-driven Instron 4411 test fixture witha 2.5
kN load cell (MTS) at a loading rate of 5 mm/min under ambient test conditions according
to ASTM D638-14 [334]. Thin film tensile samples were prepared by punching out

dogbones with a cutting die that conforms to the geometry specified in ASTM D1708-13
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[335]. The linear displacement during testing was measured via a laser extensometer
(MTS LX1500) that measures the distance between two pieces of reflective tape. The
recorded load and displacement values were normalized by the initial cross-sectional area
and gage length, respectively, and then plotted as engineering stress versus engineering
strain. Young’s modulus was defined as the slope of the initial linear portion of the curve.
Tensile strength and percent elongation were reported as the maximum stress experienced
and the strain at break, respectively. Average values with standard deviations were

reported from at least 5 specimens per sample tested.

4.3 Results and discussion

4.3.1 Dispersion characterization in cured epoxy

TOM and TEM were used to observe the dispersion state of P-MWCNT,
O-MWCNT, ZnO/P-MWCNT, and ZnO/O-MWCNT epoxy composite thin films at
different length scales to ensure a homogenous dispersion is truly representative of the

bulk as seen in Figure 33 and Figure 34.
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Figure 33. TOM of polished thin sections (=50-75 pum) of cured epoxy composites
containing (@) P-MWCNTs, (b) ZnO/P-MWCNTs, (c) O-MWCNTs, and (d)
ZnO/O-MWCNTs with scale bars = 125 pm [302].
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Figure 34. TEM of microtomed thin sections (=60-80 nm) of epoxy composites with (a)
P-MWCNTs, (b) ZnO/P-MWCNTSs, (c) O-MWCNTs, and (d) ZnO/O-MWCNTs with
scale bars = 250 nm. Insets in (b) and (d) show high magnification TEM of
ZnO/P-MWCNTSs with dissociated ZnO QDs and ZnO/O-MWCNTSs with surface-bound
Zn0 QDs, respectively, with scale bars = 25 nm [302].

In the epoxy systems containing P-MWCNTs, O-MWCNTs, and
ZnO/P-MWCNTs, MWCNT aggregation can be clearly seen in the TOM micrographs. At
a smaller length scale, the TEM micrographs reveal that for the P-MWCNT system,
aggregated, resin-rich, and exfoliated regions are present (Figure 34a). In the O-MWCNT
system, they appear to be much better exfoliated to a greater degree than the P-MWCNT
system when looking at the TEM micrograph (Figure 34c). However, when the TOM
image is observed, aggregation, albeit to a lesser degree and size, is apparent (Figure 33a

and Figure 33c). For the ZnO/P-MWCNT system, the aggregates present in the TOM
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observation are smaller and less concentrated than those in the unfunctionalized systems
(Figure 33b). However, under TEM, the ZnO QDs that previously decorated the surface
of the P-MWCNTSs when in MeOH have dissociated from the surface and coalesced to
form large agglomerates in epoxy (Figure 34b), which are likely the particles seen in the
TOM image. Upon closer inspection, the P-MWCNTSs do not appear to have aggregated

in epoxy and are still partially decorated by ZnO QDs (Figure 35 and Figure 36).

P ™ A

Figure 35. High r'Iutlon TEM mlcogrp of /P-MCN | cured epoxy with
scale bar = 25 nm. Note the poor decoration of ZnO QDs on the P-MWCNT surface and
the clusters of ZnO QDs in the surrounding matrix [302].
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Figure 36. High magnification TEM micrograph of ZnO/P-MWCNTSs in cured epoxy with
scale bar = 50 nm. Note the large clusters of ZnO QDs in the surrounding matrix [302].

For the epoxy/ZnO/O-MWCNT system, very few aggregates are visible in the TOM
image (Figure 33d). Under TEM, the ZnO/O-MWCNTs are clearly well-exfoliated
compared to the other three systems (Figure 34d). More importantly though, the ZnO QDs
are still bound to the surface of the O-MWCNTSs and have not disassociated as in the

epoxy/ZnO/P-MWCNT case (Figure 37 and Figure 38).
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Figure 37. High resoli ioraph of ZnO/O-MWCNT i cured epoxy with
scale bar = 25 nm. Note the decoration of ZnO QDs on the O-MWCNT surface with no
observable clustering of ZnO QDs in the surrounding matrix [302].

Figure 38. High agfiatlon Emicrgrph onn/O-MWs in cured epoxy
with scale bar = 50 nm. Note the well-decorated O-MWCNTSs and the absence of ZnO
QDs clusters [302].

87



4.3.2 Thermal and dynamic mechanical behavior

DSC and DMA were conducted on the neat and epoxy systems to ensure that the
films were processed to the same degree of cure and maintained a consistent Tq. The Tg of
the films was reported as the inflection point on the 2" heating cycle with DSC and the
peak of the tan & curve with DMA on the 1% heating cycle. It is desirable that the T4 remain
unaffected by the introduction of functionalized P-MWCNTSs. Based on the tabulated DSC
values in Table 7, the films appear to exhibit nearly the same Tg4. However, the values from
DMA suggest that the epoxy/O-MWCNT system did not completely cure or had an

improper stoichiometric ratio.

Table 7. Ty of neat and epoxy composite thin films reported from DSC and DMA
measurements [302].

Samples Tg [°C by DSC] T [°C by DMA]
Neat Epoxy 135 155
Epoxy/P-MWCNT 136 145
Epoxy/O-MWCNT 133 139
Epoxy/ZnO/P-MWCNT 134 144
Epoxy/ZnO/O-MWCNT 134 150
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The most likely reason for this drop in Tg is an improper stoichiometric ratio
between epoxide and amine groups due to the absorption of curing agent onto the
O-MWCNT surface during the curing process, resulting in lower crosslink density. This
phenomenon may also occur in the other MWCNT-containing systems, however, to a
lesser degree than for the O-MWCNT system. The DSC curves in Figure 39 indicate that

there is no difference, thermally, between the samples.
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Figure 39. Second heating cycle of neat and epoxy composite thin films via DSC at a
ramp rate of 10 °C/min. (I) Neat epoxy, (I1) Epoxy/P-MWCNT, (111) Epoxy/O-MWCNT,
(1V) Epoxy/ZnO/P-MWCNT, (V) Epoxy/ZnO/O-MWCNT [302].

The storage modulus and tan d of the neat and epoxy composite thin films, which
are defined as the ability of a material to store elastic energy and its dampening ability,
respectively, are plotted versus temperature in Figure 40. The reported T4 values of the
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films are less consistent than the DSC values, likely due to the aforementioned

mechanism.

4—— Neat Epoxy
1 Epoxy/P-MWCNT
1+ Epoxy/O-MWCNT

= Epoxy/ZnO/P-MWCNT
—— Epoxy/ZnO/O-MWCNT
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Figure 40. DMA spectra (E’ and tan 8) of neat and epoxy composite thin films at a ramp
rate of 3 °C/min [302].
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It should be noted that the rubbery plateau modulus of the epoxy/O-MWCNT
system is lower than those of the other samples, lending further credence that curing agent
is absorbed by O-MWCNTSs during cure. Furthermore, the system with P-MWCNTSs
exhibits a glassy storage modulus above and a T4 below that of the neat epoxy, which are
likely due to frictional forces or mechanical interlocking between P-MWCNTSs resulting

in improved stress transfer and the absorption of curing agent resulting in incomplete cure.

4.3.3 Electrical conductivity

To understand the electrical conductivity behavior of the epoxy composites, it is
important to first learn about the intrinsic conductivity values of P-MWCNT and
ZnO/P-MWNCT first. The sheet conductivity versus thickness of spin-coated P-MWCNT
and ZnO/P-MWCNT thin films was measured with a four-point probe and is plotted in

Figure 41. In general, sheet conductivity increases as film thickness increases.
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Figure 41. Sheet conductivity of P-MWCNT and ZnO/P-MWCNT thin films before and
after the removal of ZnO nanoparticles [302].

Electrical percolation is observed at around the same critical thickness for both
films (inset in Figure 41). At a film thickness up to twice the diameter of a MWCNT (<50
nm) the sheet conductivity of the P-MWCNT thin films is slightly lower than that of the
ZnO/P-MWCNT film. This is likely due to incomplete formation of a percolated network
by P-MWCNTSs alone. When thicker films are tested, as expected, the P-MWCNT thin
films exhibit higher sheet conductivity than ZnO/P-MWCNT films because of reduced
cross-junction resistance [336]. At a thickness of 90 nm, the DC conductivities of
P-MWCNTs and ZnO/P-MWCNTs are 1,790 S/m and 1,340 S/m, respectively. As
anticipated, the DC conductivity of O-MWCNTSs (66 S/m) is around 30x lower than
P-MWCNTSs (1,790 S/m). The small reduction in conductivity for ZnO/P-MWCNTSs

suggests that they are still able to form an electrically percolated network in epoxy.

92



The electrical conductivities of the neat and composite thin films were measured
with a four-point probe. A current source was used to supply various levels of DC current
through the two outer probes in the four-point probe, which the voltage drop across the
two inner probes was measured with a multimeter. The recorded values were used to
calculate the conductivity (S/m) according to Equation (1. The electrical conductivity
values of the epoxy composite thin films are presented in Figure 42 along with other

reported literature values for MWCNTS above their percolation thresholds [29, 99, 158].
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Figure 42. Electrical conductivities of P-MWCNT and ZnO/P-MWCNT composite films,
along with other literature values [302].

The films containing O-MWCNTSs were observed to be non-conductive; their
conductivity is likely at or below the limit of our instruments. However, the films

containing P-MWCNTSs were observed to be conductive. In particular, the film containing
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ZnO/P-MWCNTSs exhibits an electrical conductivity that is an order of magnitude greater
than previous systems studied. The other films exhibit conductivities comparable to those
in the literature [29]. The significant increase in the electrical conductivity for the
ZnO/P-MWCNT system may be due to the presence of semi-conductive ZnO QDs bound
to the P-MWCNT surface as compared to the plain P-MWCNTs. CNTs are known to have
defects present in their structure that act as scattering sites, which reduce the mean free
path of electrons and the number density of charge carriers, leading to decreased electrical
conductivity. Tightly bound ZnO QDs on the surface of P-MWCNTSs may reduce the
contact resistance of P-MWCNT junctions and increase the number density of charge
carriers in epoxy by suppressing the effect of surface defects on electron scattering,
resulting in improved electrical conductivity [62, 158]. When P-MWCNTSs, which act as
electron conductors, are hybridized with ZnO QDs, which suppress the scattering of
electrons at surface defects, fast and efficient interfacial charge transfer is possible as
evidenced by a decrease in the semicircle size in electrochemical impedance spectroscopy
[62]. Furthermore, the decoration of P-MWCNTSs with ZnO QDs may facilitate ballistic
transport of electrons between adjacent tubes by increasing their mean free path [337].
The increased electrical conductivity of films containing ZnO/P-MWCNTSs compared to
P-MWCNTs may also be due to the improved dispersion whereby the percolation
threshold is significantly reduced, resulting in the formation of a percolated network at a
much smaller concentration. Moreover, the detachment of ZnO QDs from the surface may
also facilitate the earlier formation of a percolated network. The lowering of the

percolation threshold compared to the P-MWCNT system allows for greater enhancement
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of the electrical conductivity. Finally, it appears that any oxidation of MWCNTS,

regardless of surface functionalization, results in a loss of conductivity.

4.3.4 Tensile performance

The fabricated thin films were machined to a standardized geometry with a cutting
die (ASTM D1708-13) to ensure that comparisons of the mechanical behavior between
film systems are valid [335]. Once machined, the specimens were subjected to tensile
loading rates of 5 mm/min on a UTM with a laser extensometer to measure the gage
displacement. Engineering stress vs. engineering strain curves were plotted (Figure 43)

from the generated data and E, our, and &g were tabulated (Table 8) [334].

Table 8. Tensile properties (Young’s modulus, tensile strength, and percent elongation)
of neat and epoxy composite thin films tested on a UTM at a loading rate of 5 mm/min
[302].

Samples E [GPa] out [MPa] &g [%]
Neat Epoxy 271 = 0.04 51 + 5 27 = 04
Epoxy/P-MWCNT 3.01 = 0.04 41 =+ 10 15 + 04
Epoxy/O-MWCNT 253 + 0.09 41 + 13 18 + 07
Epoxy/ZnO/P-MWCNT 359 + 0.12 61 + 1 30 £ 02
Epoxy/ZnO/O-MWCNT 410 + 0.09 62 =+ 8 30 = 08
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Figure 43. Tensile engineering stress vs. engineering strain curves for neat and epoxy
composite thin films [302].
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The concentration of MWCNTSs is kept at 1.7 wt.%. The addition of P-MWCNTSs
improves modulus, but embrittles the composite as can be seen in the ductility reduction
and large standard deviation of tensile strength. When O-MWCNTSs are dispersed in
epoxy, the modulus, tensile strength, and strain at break decrease. This is most likely
because of O-MWCNT aggregation and undercuring of epoxy due to absorption of the
curing agent during the crosslinking reaction.

For the composite samples, the Epoxy/ZnO/P-MWCNT film exhibited
significantly enhanced modulus and tensile strength as compared to the
Epoxy/P-MWCNT film. Even though ZnO QDs were mostly detached from P-MWCNTS,
they appear to have facilitated P-MWCNT dispersion in epoxy resulting in better stress
transfer and improved interfacial bonding with the epoxy matrix. As expected, when

ZnO/O-MWCNTSs are dispersed in epoxy, the modulus is further improved to 50% higher
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than that of neat epoxy. It should be noted that the glassy storage modulus (Fig. 9) follows
the trends of the tensile moduli reported here. The tensile strength is likewise improved
and is likely the result of strong bonding between ZnO QDs and the O-MWCNT surface,
which further promotes bonding to the epoxy matrix. The exact mechanism responsible
for the significantly enhanced tensile properties in Epoxy/ZnO/P-MWCNT and
Epoxy/ZnO/O-MWCNT composites is still not fully understood and is subject to future
work whereby the interfacial adhesion of epoxy matrix with ZnO/P-MWCNTs and
ZnO/O-MWCNTSs will be determined.

As stated above, the dispersion of ZnO/P-MWCNTS via a simple and effective
functionalization method in an epoxy matrix has significantly improved not only the
tensile properties, but also the electrical conductivity of an epoxy composite, without
compromising Tq or processability. On the other hand, the presence of O-MWCNTS in the
cured system exhibited a 15 °C drop in Ty, likely due to absorption of the curing agent,
leading to reduced crosslink density [124]. Furthermore, the systems with O-MWCNTSs
and ZnO/O-MWCNTs exhibit insulative behavior at the same content of O-MWCNTSs. It
appears that the favorable electrostatic interaction between ZnO QDs and MWCNTSs
improves their dispersion, resulting in significantly enhanced elastic modulus without a
reduction in Tg. The increased tensile strength in the ZnO-functionalized systems is likely
due to long-range electrostatic interactions between positively charged ZnO QDs and
negatively charged MWCNTS that redistributes stress and shields pre-existing defects [37,

81, 104, 332]. During uniaxial tension testing, ZnO QDs act as an electrostatic tether,
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diminishing the tendency of the MWCNTSs to slip or pullout from the matrix, thereby
causing an increase in tensile strength.

The in situ growth of such a large number of ZnO QDs significantly increases the
available anchoring sites for the epoxy matrix to bond with MWCNTSs to achieve better
adhesion with the matrix and higher resistance to tube pullout. Furthermore, it is clearly
observed that epoxy/O-MWCNT, whether ZnO-functionalized or not, are nonconductive.
This is likely the result of the destruction of electron transfer between O-MWCNTS during
the functionalization process. However, for epoxy/ZnO/P-MWCNT composites, the
electrical conductivity is higher than that observed in previous studies by an order of
magnitude at a comparable concentration. Therefore, it is evident that functionalization of
P-MWCNTSs by ZnO nanoparticles is favored over other known approaches to improve
tensile properties and electrical conductivity of epoxy. Previous attempts at fabricating
multifunctional epoxy composites without sacrificing Tg, tensile properties, or electrical
conductivity have been unsuccessful. As is usually reported in the literature, when
nanofillers are dispersed in the matrix only one of the aforementioned properties is
improved while the others decrease. The common reasons given for this behavior are:
plasticization of the matrix via the inclusion of nanofillers, reduced crosslink density of
the cured system due to adsorption of the curing agent or crosslinking with the nanofillers,
increased defect concentration on nanofiller surface via oxidation and chemical
functionalization. In this work, we used a new physical functionalization method to
fabricate multifunctional epoxy composites that exhibit none of the previously mentioned

drawbacks commonly reported in the literature.
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The objective of this work has been to fabricate a robust multifunctional epoxy
composite system with improved tensile properties and electrical conductivity at a
relatively low nanofiller concentration without sacrificing Tq. To date, most literature
results only show meaningful improvement in either conductivity or tensile properties of
polymers, not both, despite significant efforts. Furthermore, the improvements in electrical
conductivity, while not insignificant, are sufficient for electrostatic charge dissipation
(10* S/m) and EMI shielding (=10 S/m) [40, 60]. A complete understanding of the role(s)
of ZnO QDs and MWCNTSs is important when designing mechanically strong and
electrically conductive epoxy composites for high performance aerospace structural
applications. The stiff and conductive epoxy thin films prepared here, which can be
manufactured at low cost and with a simple in situ modification step, are ideal for
structural engineering applications, especially interleaves in CFRCs using VaRTM. The
films are also good candidates for service in applications requiring low-density,
mechanically strong, and electrically conductive materials that can be easily processed
using conventional epoxy manufacturing techniques.

Other metallic nanoparticles should be investigated in order to understand the role
of QD chemistry on: 1) the interfacial adhesion with the matrix and the CNT surface, 2)
the improvement of the electrical conductivity of the functionalized CNT, and 3) the
participation of QD-decorated CNTSs in fracture toughening through various mechanisms.
The toughening mechanisms in epoxy composite thin films containing ZnO/P-MWCNTSs
and ZnO/O-MWCNTs with and without additional toughening particles are currently

being systematically investigated and will be reported shortly.
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4.4 Conclusions

The tensile properties and electrical conductivities of an epoxy resin filled with a
hybrid of ZnO-functionalized P-MWCNTs or O-MWCNTs were investigated.
Epoxy/ZnO/MWCNT composite thin films were successfully prepared in a robust and
scalable fashion. The composite thin films containing ZnO and P-MWCNT exhibit high
conductivity and significantly improved elastic modulus not generally observed in the
literature, without compromising thermal stability or processability. The functionalization
of P-MWCNTs and O-MWCNTSs leads to a system of well-dispersed MWCNTSs in epoxy.
This results in improved tensile properties and also a significant improvement in electrical

conductivity compared to previously reported values.
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CHAPTER V
EFFECT OF PA ADDITION ON MECHANICAL AND ELECTRICAL PROPERTIES

OF HYBRID EPOXY NANOCOMPOSITE THIN FILMS CONTAINING MWCNTS

5.1 Introduction

Nylon has been used in epoxies to effectively improve their ductility and
toughness, while decreasing their stiffness and T4 [29, 73, 82, 256]. White and Sun et al.
studied the effect of PA on the mechanical, electrical, and fracture toughness behavior of
CNT/epoxy nanocomposites [29, 73, 74]. Sun et al. observed that the integration of
sulfanilamide-functionalized SWCNTs with PA in an epoxy matrix synergistically
improved the modulus, tensile strength, and toughness of the bulk nanocomposite [73].
The functionalized SWCNTs were observed to be well-exfoliated in the epoxy matrix,
which led to the improvement in mechanical properties. White et al. dispersed pristine
MWCNTSs with PA in epoxy to determine if the bulk properties of PA/MWCNT/epoxy
composites would be reproduced at lower cost with easier processibility [29]. MWCNTSs
were unable to significantly improve the fracture toughness of epoxy, however, the tensile
strength, percent elongation, and electrical conductivity were significantly improved [29].
When PA microparticles were added, they were observed to help improve the dispersion
of MWCNTSs by breaking apart aggregates. The ternary composite exhibited a delayed
electrical percolation threshold, while the fracture toughness and strain at break were
synergistically improved [29].

In the present study, preformed PA microparticles are introduced to hybrid epoxy

composite films containing modified or unmodified MWCNTSs to improve their fracture
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toughness. However, in light of recent reports in the literature, the thermal, mechanical,
and electrical behaviors are investigated and reported here. The effect of PA
microparticles in ternary composite thin films is presented in the subsequent chapter. This
approach takes advantage of the ability of PA to undergo severe plastic deformation, this
suggests that epoxy composites containing these particles should exhibit improved
ductility. Furthermore, previous reports have indicated that the presence of PA
microparticles actually helps to break down MWCNT aggregates in epoxy, leading to
improved toughness, while still maintaining an electrically conductive network. The

findings of the present study will be presented in the following subsections.

5.2 Experimental

5.2.1 Materials

D.E.R™ 354, a diglycidyl ether of bisphenol F (DGEBF) liquid epoxy
prepolymer, donated by DOW Chemical, with an epoxide equivalent weight of 158 g/eq,
was used as the matrix in this work. EPIKURE™ W, a diethyltoluene diamine (DETDA)
curing agent, was donated by Momentive Specialty Chemicals Inc. (Columbus, OH), with
an amine equivalent weight of 43.29 g/eq, and was used as the curing agent. MWCNTSs
were donated by Arkema with reported inner and outer diameters of 2-6 nm and 10-15
nm, respectively, length of 0.1-10 um, >90 % carbon content, and a reported density of
~2.1 glcm?. Zinc acetate dihydrate and KOH were purchased from Sigma-Aldrich and
used as received. Acetone and MeOH were purchased from Macron Fine Chemicals and

Sigma-Aldrich and used as received. Release paper composed of a cellulose-based paper
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coated with polydimethylsiloxane (PDMS) was donated by Experia Specialty Solutions.
DGEBF and D.E.H.™ 615 were used to embed thin films for electron microcopy. All
materials were dried at =70 °C overnight in a vacuum oven and used as received with the
exception of MWCNTSs, which were subjected to mild oxidation according to previous

reports [73, 81, 104, 124, 332].

5.2.2 Pretreatment of MWCNTSs

250 mg of P-MWCNTSs were added to a concentrated mixture of sulfuric (45 mL)
and nitric acid (15 mL) at a 3:1 volume ratio and ultrasonicated in a sonication bath
(Branson 2510) for 2 h at 25 °C. Next, 190 mL of DI-H20 was added to hinder further
oxidation and the solution was sonicated for another 1 h at 25 °C. After oxidation, the
MWCNTs were isolated with a PVDF filter membrane (Millipore, Durapore, 0.45 um
pore size) under vacuum. The O-MWCNTSs were washed four times with DI-H20 during
the filtration process to remove any trace of acid residue. Then, the solution was washed
with MeOH four times, and the O-MWCNTSs were collected and resuspended in MeOH

at a concentration of 1 mg/mL using ultrasonication for 1 h.

5.2.3 Synthesis of ZnO/MWCNTSs

The synthesis of ZnO nanoparticles in MeOH is reported elsewhere [77, 313]. The
procedure to prepare ZnO-functionalized MWCNTS is similar to the above method.
P-MWCNTSs (160 mg) and O-MWCNTSs (160 mg) in MeOH were added to a flask and
sonicated for 30 min to obtain a homogenous solution. Next, KOH (1 g) was added to the

flask and dissolved via sonication for 10 min. Concurrently, zinc acetate dihydrate (1.96
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g) was added to a separate flask with MeOH and dissolved via sonication for 5 min. After
both reactants were completely dissolved, the solutions were mixed at 60 °C while stirring
at 300 RPM to initiate the reaction. Then, the solution was refluxed at 60 °C for 2 h to
promote the growth of ZnO QDs. After initiation and growth, the ZnO/P-MWCNTSs and
ZnO/O-MWCNTs were filtered through a PVDF membrane (0.45 um pore size) under
vacuum with MeOH four times and then redispersed in MeOH via ultrasonication for 1 h.
Their concentrations were determined by pipetting a predetermined amount of solution
into an aluminum weighing dish and the weight recorded. Next, the solution was left in an
oven overnight at 60 °C to slowly evaporate the solvent. Finally, the pan with dry
ZnO/P-MWCNTs was weighed and the difference was divided by the initial solution

volume to determine the concentration of ZnO/P-MWCNTSs in MeOH.

5.2.4 Thin film composite preparation

DGEBF and DETDA were used as the matrix and hardener, respectively, to
fabricate epoxy composite thin films. DGEBF (3.92 g) and DETDA (1.18 g) were added
to a flask and degassed at 60 °C on a rotary evaporator under vacuum at 60-120 RPM for
30 min. The epoxy mixture was then B-staged in a preheated oven at 121 °C for 45 min
to increase its viscosity for thin film processing. Once B-staged, the solution was poured
onto an Elcometer 4340 Thin Film Coater preheated to 80 °C and cast at 5 mm/s to a
thickness of 100-200 um. Then, the film was placed in a preheated oven at 121 °C and
cured for 2 h followed by a post-cure at 177 °C for 3 h. Composite films were fabricated
according to the same procedure with a slight alteration. A PA/ZnO/P-MWCNT

composite film was prepared by sonicating a predetermined amount of ZnO/P-MWCNTSs
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in MeOH in a flask for 30 min. A specific amount of PA microparticles were dispersed in
an acetone solution in a separate flask via ultrasonication for 15 min. Next, the two
solutions were mixed together and ultrasonicated for a further 15 min. DGEBF and
DETDA were dissolved in acetone via sonication for 5 min and were subsequently added
to the PA/ZnO/P-MWCNT MeOH/acetone solution with a final MeOH/acetone
vol.%/vol.% of 2/1. The mixed composite solution was then sonicated for 15 min followed
by removal of the solvent using a rotary evaporator at 60 °C for 15 min at 60-120 RPM.
Next, the viscous resin was degassed in a vacuum oven at 80 °C for 2 h to ensure the
complete removal of solvent. Then, the resin was carefully removed with a spatula and
placed on a thin film coater preheated to 80 °C and cast at 5 mm/s to a thickness of 100-200
um. For the O-MWCNT systems, the thin film coater was preheated to 100 °C due to their
increased viscosity compared to the P-MWCNT systems. Once cast, the films were placed
in an oven and cured at 121 °C for 2.75 h followed by a post cure at 177 °C for 3 h. The
curing time and temperature were held constant at 2.75 h at 121 °C followed by 3 h at 177

°C to ensure the same degree of cure for all systems.

5.2.5 Characterization

Differential scanning calorimetry (DSC) was conducted with a DSC Q20 (TA
Instruments) from 30 °C to 180 °C with a ramp rate of 10 °C/min to determine the glass
transition temperature (T4) of the epoxy systems. The Ty was defined as the point of
inflection during the second heating cycle. Dynamic mechanical analysis (DMA) in
tension was conducted on an RSA-G2 DMA (TA Instruments) in the linear viscoelastic

region of each sample at a strain amplitude of 0.05%, frequency of 1 Hz, and at a heating
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rate of 10 °C/min from room temperature to 180 °C. T4 was reported as the peak in the tan
d curve and was compared to the Tq measured via DSC to check for any differences in the
observed behavior. The values were consistent for all systems and differed by =10 °C
which is typical between the two tests. The storage modulus in the glassy region was
compared to the measured elastic modulus for all films.

Transmission optical microscopy (TOM) images of filler dispersion were obtained
by polishing cured samples (100-200 um) and observing the thin sections under an
Olympus BX60 microscope with a Canon Mark 2 Digital Camera.

Four-point-probe conductivity measurements were performed on free-standing
P-MWCNT and ZnO/P-MWCNT films with an Agilent Digital Multimeter (Agilent
Technology, US) with a tip spacing of 1.6 mm. The electrical conductivity of epoxy
composite thin films was measured using a four-point-probe (Signatone, SP4-40045TBY)
on a resistive stand (Signatone, Model 302), which is lowered onto the film and a high
impedance current source (Keithley 6221) was connected to the outer two probes. A
voltmeter (Keithley 2000) was used to measure the voltage drop across the inner two
probes. The conductivity was calculated by using (1 and the thickness of the films was
measured with a micrometer (Mitutoyo, 293-340) at the location of contact.

Tensile tests were conducted on a screw-driven Instron 4411 test fixture with a 2.5
kN load cell (MTS) at a loading rate of 5 mm/min under ambient test conditions according
to ASTM D638-14 [334]. Thin film tensile samples were prepared by punching out
dogbones with a cutting die that conforms to the geometry specified in ASTM D1708-13

[335]. The linear displacement during testing was measured via a laser extensometer
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(MTS LX1500) that measures the distance between two pieces of reflective tape. The
recorded load and displacement values were normalized by the initial cross-sectional area
and gage length, respectively, and then plotted as engineering stress versus engineering
strain. Young’s modulus was defined as the slope of the initial linear portion of the curve.
Tensile strength and percent elongation were reported as the maximum stress experienced
and the strain at break, respectively. Average values with standard deviations were

reported from at least 5 specimens per sample tested.

5.3 Results and discussion

5.3.1 Dispersion characterization in cured epoxy
TOM was used to observed the dispersion state of PA, PA/P-MWCNTS,
PA/O-MWCNTS, PA/ZnO/P-MWCNTS, and PA/ZnO/O-MWCNTS in cured epoxy

nanocomposite films as seen in Figure 44.
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Figure 44. TOM of polished thin sections (=50-75 pum) of cured epoxy composites
containing (a) PA/P-MWCNTs, (b) PA/ZnO/P-MWCNTSs, (c) PA/O-MWCNTSs, (d)
PA/ZnO/O-MWCNTS, (e) PA with scale bars = 10 pum.

In the PA/epoxy system (Figure 44e), the microparticles are observed to be ~10 um in
diameter and are well-dispersed, given their extremely large size relative to the MWCNTSs
used in this study. However, aggregates can clearly be seen in the micrographs for the

systems containing PA/P-MWCNTSs (Figure 44a), PA/O-MWCNTSs (Figure 44c), and to
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a lesser degree for the systems containing PA/ZnO/P-MWCNTSs (Figure 44b), and
PA/ZnO/O-MWCNTs (Figure 44d). The aggregates appear to be reduced in size and
number for the ZnO-functionalized MWCNTSs as compared to the unfunctionalized
MWCNTSs. For comparison, Figure 45 presents the dispersion of P-MWCNTS in epoxy to

illustrate the large size difference of the aggregates in the presence of PA.

-
Figure 45. TOM of polished thin section (=50-75 pm) of P-MWCNT/epoxy composite
with scale bar = 10 pm.

The investigation of the morphology and dispersion of the ternary systems via
TEM requires microtoming at cryogenic temperatures (cryotome) due to the relatively low
Tg of PA (=40 °C). It is expected that the presence of the PA may cause some level of
hydrogen bonding between the ZnO QDs and the surface of the PA microparticles. For
the case of ZnO/P-MWCNTs, ZnO QDs have been observed to dissociate from the
MWCNT surface and aggregate (Figure 34, Figure 35, and Figure 36). In the presence of
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PA, however, these large aggregates may be broken up and the individual QDs may be
attracted to the PA surface and engage in hydrogen bonding. In the case of
ZnO/O-MWCNTs where the QDs are more tightly bound to the oxidized surface, as
evidenced by XPS in Section 3.3.1, the decorated tube surface may be attracted to the PA
surface, rather than the QDs themselves. However, without further investigation, the

above theories are pure speculation.

5.3.2 Thermal and dynamic behavior

DSC and DMA were conducted on the ternary systems to ensure that not only were
the films fully cured, but that they also maintained a consistent Tg4. The Tg of the films was
reported as the inflection point on the 2" heating cycle with DSC and the peak of the tan

& curve with DMA on the 1% heating cycle Table 9.

Table 9. T¢ of neat and nylon-toughened epoxy films reported from DSC and DMA
measurements.

Samples T, [°C by DSC] T, [°C by DMA]
Neat Epoxy 135 155
Epoxy/PA 133 NA
Epoxy/PA/P-MWCNT 132 NA
Epoxy/PA/O-MWCNT 134 NA
Epoxy/PA/ZnO/P-MWCNT 122 132
Epoxy/PA/ZnO/O-MWCNT 132 145

110



For the ternary systems containing PA microparticles, the Tq is expected to decrease, but
surprisingly, no change is observed (Figure 46), with the exception of the system

containing PA/ZnO/P-MWCNTSs (according to DSC).

Heat Flow [W/g]

N

Exot50 75 100 125 150 175

Temperature [°C]

Figure 46. Second heating cycle of neat and nylon-toughened thin films via DSC at a
ramp rate of 10 °C/min. (I) Neat epoxy, (1) Epoxy/PA, (111) Epoxy/PA/P-MWCNT, (IV)
Epoxy/PA/O-MMWCNT, (V) Epoxy/PA/P-MWCNT, (VI) Epoxy/PA/ZnO/O-MWCNT.

Its T4 is reduced by =10 °C and could be due to the explanation given above,
whereby the presence of PA imparts an attractive force to the ZnO QDs that have
dissociated from the surface of P-MWCNTSs. This attractive force may be strong enough
to overcome the strong particle-particle interactions that exist between the ZnO
nanoparticles causing the aggregates to break apart. The dispersed ZnO QDs may now
decorate the surface of PA or remain in the epoxy matrix. The hydroxyl groups on the
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ZnO surface may crosslink with the epoxide groups resulting in a change in the
stoichiometric ratio resulting in reduced crosslink density and Tyg.
The DMA spectra of Neat epoxy, Epoxy/PA/ZnO/P-MWCNT, and

Epoxy/PA/ZnO/O-MWCNT are presented in Figure 47.
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Figure 47. DMA spectra (tan 8) of neat epoxy and PA/ZnO/MWCNT/epoxy composite
films at a ramp rate of 3 °C/min.

A drop of =10 °C is observed for the PA/ZnO/O-MWCNT/epoxy system, whereas a ~20

°C drop is observed for the PA/ZnO/P-MWCNT/epoxy system.

5.3.3 Electrical conductivity

The electrical conductivities of the binary and ternary epoxy thin films were

measured with a four-point probe, A current source was used to generate DC current
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through the outer two probes in the four-point probe assembly, while the voltage drop
across the two inner probes was measured with a very accurate multimeter. The recorded
values were used to calculated the electrical conductivity (S/m) according to Equation (1).

The conductivities of the neat epoxy and its composites are presented in Figure 48.

10°
10"
E 102
0,
b 2
10° = :
2 : S
Samples

Figure 48. Electrical conductivities of conductive films. MWCNTSs and PA were kept at
1.7 wt.% and 20 wt.%, respectively.

As stated earlier, the systems containing O-MWCNTs were observed to be
non-conductive, based on the lower limit of the setup used. However, the films containing
PA/P-MWCNTs and PA/ZnO/P-MWCNTSs exhibited high electrical conductivities.
While, the values are lower than that of their binary counterparts, they are nonetheless
sufficient for antistatic coatings and potentially conductive thin films [60]. The reason for
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the drop in electrical conductivity at when the concentration of MWCNTS is the same as
in the binary systems is given as follows. It was previously reported that MWCNT
aggregates were broken into smaller aggregates in the presence of PA microparticles
causing a delay in the formation of a percolative network. The same argument can be made
here, given the TOM micrographs presented in Section 5.3.1. The reason for the improved
electrical conductivity of PA/ZnO/P-MWCNTSs is again the same as stated in an earlier
section, whereby the improved dispersion as a result of surface functionalization reduced

the percolation threshold.

5.3.4 Tensile performance

The as-prepared thin films were machined to a standardized geometry with a steel
cutting die in accordance with ASTM D1708-13 to ensure that valid comparisons between
systems could be made [335]. After the microtensile specimens were prepared, they were
subjected to uniaxial tension at a loading rate of 5 mm/min on a UTM with a laser
extensometer for measuring the displacement in the gage section [334]. At least five
specimens were tested for each sample. Engineering stress vs. engineering strain curves
were plotted (Figure 49) from the generated data and E, cur, and eg were tabulated (Table

10).
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Figure 49. Tensile engineering stress vs. engineering strain curves for neat epoxy and

ternary films.

Table 10. Tensile properties (Young’s modulus, tensile strength, and percent elongation)

0.02
Strain [mm/mm)]

0.04

0.06

0.08

of neat epoxy and ternary thin films tested on a UTM at a loading rate of 5 mm/min.

Samples E [GPa] out [MPa] g [%0]
Neat Epoxy 271 = 0.04 51 + 5 27 = 04
Epoxy/PA 244 =+ 0.07 60 + 2 6.1 = 05
Epoxy/PA/P-MWCNT 241 =+ 0.20 53 + 5 43 + 10
Epoxy/PA/O-MWCNT 233 += 0.13 51 + 4 54 + 12
Epoxy/PA/ZnO/P-MWCNT 274 + 0.35 5 + 5 45 + 21
Epoxy/PA/ZnO/O-MWCNT 275 =+ 0.18 5 + 4 41 + 08

The concentrations of MWCNTs and PA are kept at 1.7 wt.% and 20 wt.%

respectively. The addition of PA caused a reduction in the modulus (-10%), but improved
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the tensile strength (15%) and ductility (126%) of the matrix. When PA is dispersed with
P-MWCNTSs into epoxy, the modulus decreases (-11%), the tensile strength remains, and
the strain at break increases (59%). The addition of PA and O-MWCNTS to epoxy reduces
the modulus (-14%), the tensile strengths remains, and the ductility increases (100%). In
the ternary systems mentioned, the drop in modulus is likely due to the presence of a large
number of soft thermoplastic particles, whereas the increased ductility is due to the ability
of PA to undergo severe plastic deformation.

For the ternary samples containing functionalized MWCNTs, the
Epoxy/PA/ZnO/P-MWCNT film exhibited no change in modulus, but enhanced tensile
strength (13%) and strain at break (67%). The system containing PA/ZnO/O-MWCNTSs
exhibits similar behavior. The increased modulus is to be expected given the drastic
improvement that was observed for the binary systems. This suggests that the
reinforcement of the matrix due to the functionalized MWCNTSs is able to counteract the

large concentration of PA, which reduces the modulus of the matrix.

5.4 Conclusions

Ternary epoxy thin films containing ZnO-functionalized MWCNTs and PA
microparticles were fabricated and their thermal, mechanical, and electrical behaviors
were characterized as a function of filler type. The films were prepared with a simple two
step approach whereby the degassed epoxy nanocomposite solutions were partially cured
before being cast into thin films and subsequently cured. The hybrid films containing
PA/P-MWCNTs and PA/ZnO/P-MWCNTSs exhibited electrical conductivities high

enough for anti-static films. The introduction of PA to the epoxy matrix resulted in a drop
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in elastic modulus, which was not recovered when P-MWCNTs or O-MWCNTSs were
dispersed with them. However, when ZnO/MWCNTSs were dispersed in the epoxy matrix
alongside the PA microparticles, the modulus was recovered back to its original level.
Unfortunately, the Ty of the PA/ZnO/P-MWCNT system decreased, but even so, the
modulus was still acceptable. However, the T¢g may be driven closer to the neat matrix
value upon further curing at elevated temperature. This might lead to and embrittlement
of the matrix, but if the reason for the drop in Tq is actually due to a change in the
stoichiometric ratio because of other crosslinking reactions occurring between the ZnO

and the epoxy, then the Tg is not fully recoverable.
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CHAPTER VI
EFFECT OF ZNO-FUNCTIONALIZATION ON FRACTURE TOUGHNESS OF

EPOXY NANOCOMPOSITE THIN FILMS CONTAINING MWCNTS AND PA

6.1 Introduction

Several studies have reported small improvements in fracture toughness of epoxy
when using CNTs, but the specific mechanism(s) have yet to be identified [23, 29, 73,
210, 211]. A wide variety of research has been conducted over the years to develop brittle
polymer matrices with improved fracture toughness [29, 39, 49, 55, 66-69, 71, 83, 85, 105,
173, 190, 193-196, 200, 201, 208, 243-250, 260-268, 270-273, 275, 276, 278-284, 293,
338-351]. Several approaches are generally used to improve the fracture toughness of
brittle polymers: molecular flexibilization, soft particle (rubber, low T4 thermoplastics)
toughening, rigid particle toughening (glass, silica, high T4 thermoplastics) toughening,
and nanofiller toughening [29, 73, 84, 85, 173, 194, 196, 199, 238, 239, 244, 251, 260,
262, 264, 266, 268, 270, 272, 273, 279, 281, 283, 340-343, 352-355]. Unfortunately, the
effectiveness of the particle to toughen is restricted by the ductility of the matrix [173,
238, 239].

Epoxy resins with low monomer molecular weight typically exhibit exceptional
mechanical properties and high Tg, but are unable to form shear bands due to poor ductility
[86, 87]. In systems where the matrix is unable to relive stress by forming shear bands,
fillers must alter the stress state at the crack tip and undergo large-scale plastic strain or
directly interfere with a propagating crack by crack bridging, deflection, bifurcation,

pinning, etc. [65]. Most polymers exhibit a small natural crack tip radius and, as a result,
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submicron particles are usually ineffective at bridging or deflecting an opening crack. If a
submicron particle is dispersed in epoxy and is unable to relieve hydrostatic tension at the
crack tip by debonding or have the ability to internally cavitate, then their toughening
ability is significantly reduced [193, 195, 196, 266, 267]. The most likely candidates for
CNT toughening are: aggregate formation leading to crack propagation interference and/or
defect shielding, compliance of a functional group at the filler/matrix interface, or low
crosslink density areas near MWCNTS due to heterogeneous curing (because of their high

thermal conductivity) [13, 43, 56, 344, 356].

6.2 Experimental

6.2.1 Materials

A DGEBEF liquid epoxy prepolymer, D.E.R.™ 354, donated by DOW Chemical,
with an epoxide equivalent weight of 158 g/eq, was used as the matrix in this work.
EPIKURE™ W, a DETDA hardener, was donated by Momentive Specialty Chemicals
Inc. (Columbus, OH), with an amine equivalent weight of 43.29 g/eq. MWCNTs were
donated by Arkema with reported inner and outer diameters of 2-6 nm and 10-15 nm,
respectively, length of 0.1-10 um, >90 % carbon content, and a reported density of ~2.1
g/cmd. Zinc acetate dihydrate and KOH were purchased from Sigma-Aldrich and used as
received. Acetone and MeOH were purchased from Macron Fine Chemicals and
Sigma-Aldrich and used as received. Release paper composed of a cellulose-based paper
coated with PDMS was donated by Experia Specialty Solutions. Hybrid thin films with

and without cracks were embedded in a mixture of DGEBF and D.E.H™ 615. All
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materials were dried at =70 °C overnight in a vacuum oven and used as received with the
exception of MWCNTS, which were subjected to mild oxidation according to previous

reports [73, 81, 104, 124, 332].

6.2.2 Pretreatment of MWCNTSs

P-MWCNTSs (250 mg) were added to a concentrated mixture of sulfuric (45 mL)
and nitric acid (15 mL) at a 3:1 volume ratio and ultrasonicated in a sonication bath
(Branson 2510) for 2 h at 25 °C. Next, 190 mL of deionized water (DI-H,O) was added to
hinder further oxidation and the solution was sonicated for another 1 h at 25 °C. After
oxidation, the MWCNTSs were isolated with a polyvinylidine fluoride (PVDF) filter
membrane (Millipore, Durapore, 0.45 um pore size) under vacuum. The O-MWCNTSs
were washed four times with DI-H.O during the filtration process to remove any trace of
acid residue. Then, the solution was washed with MeOH four times, and the O-MWCNTs
were collected and resuspended in MeOH at a concentration of 1 mg/mL using

ultrasonication for 1 h.

6.2.3 Synthesis of ZnO/MWCNTs

The synthesis of ZnO nanoparticles in MeOH is reported elsewhere [77, 313]. The
procedure to prepare ZnO-functionalized MWCNTS is similar to the above method.
P-MWCNTSs (160 mg) and O-MWCNTSs (160 mg) in MeOH were added to a flask and
sonicated for 30 min to obtain a homogenous solution. Next, KOH (1 g) was added to the
flask and dissolved via sonication for 10 min. Concurrently, zinc acetate dihydrate (1.96

g) was added to a separate flask with MeOH and dissolved via sonication for 5 min. After
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both reactants were completely dissolved, the solutions were mixed at 60 °C while stirring
at 300 RPM to initiate the reaction. Then, the solution was refluxed at 60 °C for 2 h to
promote the growth of ZnO QDs. After initiation and growth, the ZnO/P-MWCNTSs and
ZnO/O-MWCNTs were filtered through a PVDF membrane (0.45 um pore size) under
vacuum with MeOH four times and then redispersed in MeOH via ultrasonication for 1 h.
Their concentrations were determined by pipetting a predetermined amount of solution
into an aluminum weighing dish and the weight recorded. Next, the solution was left in an
oven overnight at 60 °C to slowly evaporate the solvent. Finally, the pan with dry
ZnO/P-MWCNTs was weighed and the difference was divided by the initial solution

volume to determine the concentration of ZnO/P-MWCNTSs in MeOH.

6.2.4 Thin film composite preparation

DGEBF and DETDA were used as the matrix and curing agent in this study,
respectively, to fabricate epoxy composite thin films. DGEBF (3.92 g) and DETDA (1.18
g) were added to a flask and degassed at 60 °C on a rotary evaporator under vacuum at
60-120 RPM for 30 min. The epoxy mixture was then B-staged in a preheated oven at 121
°C for 45 min to increase its viscosity for thin film processing. Once B-staged, the solution
was poured onto an Elcometer 4340 Thin Film Coater preheated to 80 °C and cast at 5
mm/s to a thickness of 100-200 um. Then, the film was placed in a preheated oven at 121
°C and cured for 2 h followed by a post-cure at 177 °C for 3 h. Composite films were
fabricated according to the same procedure with a slight alteration. A PA/ZnO/P-MWCNT
composite film was prepared by sonicating a predetermined amount of ZnO/P-MWCNTSs

in MeOH in a flask for 30 min. A specific amount of PA microparticles were dispersed in
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an acetone solution in a separate flask via ultrasonication for 15 min. Next, the two
solutions were mixed together and ultrasonicated for a further 15 min. DGEBF and
DETDA were dissolved in acetone via sonication for 5 min and were subsequently added
to the PA/ZnO/P-MWCNT MeOH/acetone solution with a final MeOH/acetone
vol.%/vol.% of 2/1. The mixed composite solution was then sonicated for 15 min followed
by removal of the solvent using a rotary evaporator at 60 °C for 15 min at 60-120 RPM.
Next, the viscous resin was degassed in a vacuum oven at 80 °C for 2 h to ensure the
complete removal of solvent. Then, the resin was carefully removed with a spatula and
placed on a thin film coater preheated to 80 °C and cast at 5 mm/s to a thickness of 100-200
um. For the O-MWCNT systems, the thin film coater was preheated to 100 °C due to their
increased viscosity compared to the P-MWCNT systems. Once cast, the films were placed
in an oven and cured at 121 °C for 2.75 h followed by a post cure at 177 °C for 3 h. The
curing time and temperature were held constant at 2.75 h at 121 °C followed by 3 h at 177

°C to ensure the same degree of cure for all systems.

6.2.5 Characterization

Microtensile dogbones were fabricated with a steel cutting die with dimensions
given in ASTM D1708-13 [335]. Single-edge notch tension (SENT) and double-edge
notch tension (DENT) specimens were prepared, tested, and the data analyzed according
to Klemann, Butkus, and Bose [184, 303, 304]. To summarize, newly punched dogbones
were laid down on a glass plate that had a custom measuring grid on it. The specimen was

properly aligned on the grid and the center line was marked with a permanent marker.
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Next, the tip of a fresh razor blade was gently pushed into the specimen parallel to the

specimen surface Figure 50.

Figure 50. Schematic of SENT and DENT sample preparation. (A fresh razor blade was
used for each sample)

For DENT samples, the center line was marked along with two lines 3 mm from the center
line to ensure that the stress states in front of the cracks would not interact with each other.
The notch (the length of the blade that is pushed into the sample) was kept to =1 mm. For
a valid test, the full crack length was kept to a third of the overall width. Before testing,
the cracks were imaged with an OM in reflectance mode (Olympus BX60 microscope with
a Canon Mark 2 Digital Camera). Special care was taken to make sure that only sharp,

natural cracks were produced, and the only those specimens were tested Figure 51.
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Figure 51. Reflective OM of surface of cracked thinfilmswith (a) blunt crack and (b)
sharp crack with scale bar = 100 um.

If a specimen with a blunt crack was tested, it would exhibit an artificially large Kic due
to the small stress intensity factor requiring a much larger load to critically load the crack
and cause it to propagate. The crack length was measured with ImageJ and recorded. The
films were dried at =70 °C overnight in a vacuum oven and strained in uniaxial tension on
an RSA-G2 DMA (TA Instruments) at a loading rate of 0.5 mm/min, at STP, with a data
acquisition rate of 120 pts/s. A modified equation for Mode | fracture toughness was
developed for thin polymeric films that follow linear-elastic fracture mechanics.

SEM (FEI Quanta 600 FE-SEM) was operated at 10 kV to investigate and identify
the fracture mechanisms present on the post-fractured surface of the neat epoxy and
composites. The fracture surfaces were isolated from the DENT samples and affixed to

carbon tape that had been placed on the vertical face of a 90° specimen holder for SEM.
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Two samples were pushed against the carbon tape to ensure that they would not debond
from it during sputter coating or imaging. The samples were coated with 4 nm of Pt/Pd to
make them conductive, thereby reducing the probability of charge buildup during the
imaging process. The notch-to-natural crack transition was imaged along with the initial
propagation zone. Special care was taken to clearly identify the initiation and propagation
regions along the fracture surface.

TOM and TEM (FEI Tecnai G2 F20 ST FE-TEM) were used to identify the
fracture mechanisms in the various systems by embedding sub-critically cracked samples
into an embedding resin and using a Leica microtome to thick- and thin-section the
materials. Sectioning was performed at STP after the crack tips were isolated by trimming
away any excess material with a fresh razor blade to leave a trapezoid of material ~1 mm
x 0.5 mm exposed on the surface. Special care was taken to not cut off the crack tip of the
embedded sample. However, in practice, this can be hard to do especially if the sample is
of a dark color, which MWCNT/epoxy composites typically are. A MicroStar diamond
knife, with a cutting angle of 4°, was used to section the materials at a cutting speed and
feed of 0.30 mm/s and 5 um for thick sections and 3.00 mm/s and 120 nm for thin sections.
The diamond knife was overfilled with DI-H20 and a small amount was pipetted out so
that the surface of the water began to reflect the overhead light of the microtome so as to
be able to see the interference pattern of the sections that come off. A number of sections
(< 50) were obtained from each sample. The sections lay on top of the water due to surface
tension and are corralled into groups of ~5-10 with either a human eyelash that is affixed

to a wooden stick, or a gold eyelash that is affixed to a special holder. Once the specimens
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have been properly arranged on the surface of the water, a Deluxe Perfect Loop (Electron
Microscopy Sciences) is used to collect and transfer them to a copper meshed grid. The
Perfect Loop is dipped into DI-H-0O, then acetone, and DI-H.O again to clean it and to
impart a slightly hydrophilic nature on the surface of the loop. It should have a meniscus
of water on the inside of the loop, if done correctly. Next, the loop is pushed down into
the water far away from the intended sections, and then moved towards the sections until
it lies directly beneath them. It is then pulled up and out of the water somewhat rapidly. If
done correctly, the sections should lay within the meniscus of water within the loop. A Cu
grid is placed on lens paper and the loaded loop is brought down so that they are
concentric. As the two surfaces are brought together, the water is wicked away by the lens
paper and the grid is allowed to dry before being taken to the TEM for observation. TEM

was used to locate the crack tip and identify the fracture mechanisms, if any.

6.3 Results and discussion

6.3.1 Fracture toughness of hybrid epoxy thin films

As was previously mentioned, the dispersion of modified and unmodified
MWCNTSs in the presence of PA was observed to improve as a function of oxidation and
surface functionalization. The systems containing P-MWCNTs (25%/40%), O-MWCNTs
(38%/125%), PA (83%/265%), and PA/P-MWCNTs (106%/370%) exhibited Kic and Gic
values that are similar to those that have been reported by previous members the Polymer

Technology Center (Table 11, Figure 52, and Figure 53) [29, 73].
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Table 11. Mode I critical stress intensity factor, Kic, and critical strain energy release rate,
Gic, of neat epoxy and binary/ternary films. Average values and standard deviations are
reported for at least 3 specimens/sample.

Samples Kic [MPa-\Vm] Gic [Iim?]
Neat Epoxy 057 + 0.08 121 + 34
Epoxy/PA 071 + 008 169 + 39
Epoxy/P-MWCNT 078 + 0.28 273 £ 152
Epoxy/O-MWCNT 125 + 011 435 = 78
Epoxy/ZnO/P-MWCNT 129 + 0.15 412 = 93
Epoxy/ZnO/O-MWCNT 1.04 <+ 0.08 443 = 63
Epoxy/PA/P-MWCNT 117 + 0.05 570 + 50
Epoxy/PA/O-MWCNT 155 + 0.19 1050 + 252
Epoxy/PA/ZnO/P-MWCNT 181 + 0.05 1175 = 66
Epoxy/PA/ZnO/O-MWCNT 115 + 0.17 493 = 141
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Figure 52. Mode I critical stress intensity factor, Kc, of neat epoxy and composite films.
Average values and standard deviations reported on at least 3 specimens/samples.
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Figure 53. Mode | critical strain energy release rate, Gic, of neat epoxy and composite
films. Average values and standard deviations reported on at least 3 specimens/sample.
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Somewhat surprising, is the fact that the systems containing ZnO/P-MWCNTs
(119%/259%) and ZnO/O-MWCNTs (128%/240%) exhibited higher fracture toughness
values than that of PA and PA/P-MWCNT toughened epoxy. Even more surprising is the
observation that PA/O-MWCNTs and PA/ZnO/P-MWCNTs are able to enhance the
fracture toughness by 172% and 218%, respectively. Unfortunately, the system containing
PA/ZnO/O-MWCNTs (103%/307%) was unable to exceed the fracture toughness and
critical strain energy release rate of PA/ZnO/P-MWCNTs (219%/869%). Furthermore,
while the Gic of every composite system was larger than that of the neat matrix, the system
containing PA/ZnO/P-MWCNTs exhibited a remarkable increase in Gic (871%), almost
an order of magnitude compared to the neat matrix. The composite containing
PA/O-MWCNTs exhibited a similar, albeit less, trend.

Sub-critical cracks in ZnO/P-MWCNT/epoxy and ZnO/O-MWCNT/epoxy films

were investigated with TEM as seen in Figure 54.
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Figure 54. TEM of sub-critical crack in ZnO/P-MWCNT/epoxy thin film with scale bar
=400 nm.

Small aggregates of ZnO QDs can be seen alongside the crack in the
ZnO/P-MWCNT/epoxy film. The crack tip in the ZnO/O-MWCNT/epoxy composite was

observed and no tubes were seen bridging the crack. However, a fractured
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ZnO/O-MWCNT can clearly be seen in front of the crack tip, which makes sense given

the tensile stress state directly in front of the crack tip (Figure 55).

Figure 55. TEM of sub-critical crack in ZnO/O-MWCNT/epoxy film with scale bar =200
nm. A fractured ZnO/O-MWCNT is clearly observed in the inset with scale bar = 50 nm.

131



Unfortunately, the other samples were not able to be imaged without the use of a cryotome.

TOM was used to observe the cracks in hybrid films containing ZnO/P-MWCNTs,
ZnO/O-MWCNTs, PA/P-MWCNTs, PA/O-MWCNTs, PA/ZnO/P-MWCNTs, and
PA/ZnO/O-MWCNTs. No apparent fracture mechanisms are observed in the
ZnO/O-MWCNT/epoxy film, whereas for the ZnO/P-MWCNT film, an aggregate of

CNTs is clearly observed to have fractured (Figure 56).

Figure 56. OM of sub-critical crack in (@ ZnO/P-MWCNT/epoxy and (b)
ZnO/O-MWCNT/epoxy thin films with scale bar = 50 um.

It is very likely that the observed increase in fracture toughness for the films containing

ZnO/MWCNTSs is due to nanoscale fracture mechanism that are only observable via SEM

132



or TEM. The epoxy films composed of PA/P-MWCNTs and PA/O-MWCNTSs contain PA

particles that clearly bridge the crack in Figure 57.

Figure 57. OM of sub-critical crack in (a) PA/P-MWCNT/epoxy and (b)
PA/O-MWCNT/epoxy thin films with scale bar = 10 um.

Trans-particle fracture is also observed in the film containing PA/O-MWCNTSs. In the
PA/ZnO/P-MWCNT/epoxy and PA/ZnO/O-MWCNT/epoxy systems, trans-particle

fracture, crack bridging, and crack deflection are all observed (Figure 58).
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Figure 58. OM of sub-critical crack in (a) PA/ZnO/P-MWCNT/epoxy and (b)
PA/ZnO/O-MWCNT/epoxy films with scale bar = 50 um.

This is clearly one of the reasons for the incredible reinforcement of the fracture toughness

in the PA/ZnO/P-MWCNT/epoxy film.
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SEM was used to observe the fracture surfaces in hybrid epoxy films containing
ZnO/P-MWCNTs, ZnO/O-MWCNTs, PA/P-MWCNTSs, PA/O-MWCNTs,
PA/ZnO/P-MWCNTSs, and PA/ZnO/O-MWCNTSs. The fracture surfaces of neat epoxy,
PA/epoxy, P-MWCNT/epoxy, and O-MWCNT/epoxy were not imaged due to their Kic
values closely matching those reported in the literature and because they are not necessary
for comparison with the other systems [29, 73]. In the epoxy film containing
ZnO/P-MWCNTSs, a large number of CNT ends, but not holes, were observed in the initial

region after the crack propagated (Figure 59).
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scale bar =1 um.

Given the large number of exposed tubes in the ZnO/P-MWCNT system, tube pull-out on
a global scale can be suggested as the toughening mechanism responsible for the
significant increase in fracture toughness of the hybrid films containing

ZnO-functionalized MWCNTSs. High-resolution SEM or TEM need to be done to
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determine if the ZnO QDs have been severed at the surface of the MWCNTSs during
pull-out or if they remain on the surface, and to what extent the matrix has been removed
along with the MWCNTs during pull-out. If the ZnO QDs are severed, this would require
a substantial amount of energy, resulting in a large amount of fracture energy being
dissipated. Furthermore, if the ZnO QDs remain on the surface and scrape matrix material
as the tube pulls out, this will also result in a significant amount of fracture energy
dissipation. What appear to be aggregates of P-MWCNTSs and ZnO QDs can also be seen

in Figure 60.
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After this region, a very rough and flaky appearance is observed. Ripple-like features are

present on the fracture surface of ZnO/O-MWCNT/epoxy indicating that crack deflection

took place (Figure 61).
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Figure 61. SEM of ZnO/O-MWCNT/epoxy fracture exhibiting a ripple-like step feature
indicative of crack deflection with scale bar =25 pum.

Very rough patches were also observed after this region; however, no exposed tubes were
observed. In the PA/P-MWCNT/epoxy system, P-MWCNT agglomerates and the remains

of drawn PA microparticles can be clearly seen on the fracture surface (Figure 62).
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Figure 62. SEM micrograph of drawn P
surface with scale bar =25 pm.
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A particles on PA/P-MWCNT/epoxy fracture
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A number of O-MWCNT aggregates can be clearly seen in the ternary system of

PA/O-MWCNTs/epoxy. Upon further inspection, drawn PA can also be seen, and in larger

numbers than observed in the PA/P-MWCNT/epoxy film (Figure 63).

I
Figure 63. SEM micrograph of drawn PA particles clearly observable on the
PA/O-MWCNT fracture surface with scale bar =25 pm.

Moreover, at high magnification, what appear to be matrix cracks are observed in the

divots left by the PA (Figure 64).
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Figure 64. Microcracks in divots left by PA icroparticles in PA/O-MWCNT/epoxy thin
films with scale bar = 3 pm.

A much more uniform dispersion of CNTs is observed for the PA/ZnO/P-MWCNT/epoxy
film. After the initial propagation region, the fracture surface is decorated with numerous
divots where PA microparticles used to be, but also, sub-critically strained PA particles

are observed (Figure 65).
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Figure 65. SEM micrograph of fracture surface of PA/ZnO/P-MWCNT/epoxy film with
scale bar = 25 pum.

The appearance of a large number of PA particles that have not been completely drawn
out of the fracture surface suggests that there is a force that keeps them from doing so.
Perhaps, it is similar to the explanation given in Section 5.3.1, in which it was suggested
that the presence of PA caused the ZnO QD aggregates to break apart and the surfaces of
the PA and ZnO may engage in hydrogen bonding to a degree. The hybrid film of
PA/ZnO/O-MWCNTSs/epoxy also exhibits a well-dispersed system of MWCNTSs. The

fracture surface is littered with sparse populations of drawn PA microparticles (Figure 66).
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Figure 66. SEM micrograph of sparse populations of drawn PA microparticlesin
PA/ZnO/O-MWCNT/epoxy film with scale bar = 50 um.

The final section of the fracture surface is covered with numerous drawn PA and divots

from the particles on the other side of the fracture surface (Figure 67).
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Figure 67. Evidence of divoting and drawing of PA particles via SEM of
PA/ZnO/O-MWCNT/epoxy fracture surface with scale bar = 50 um.
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The Mode | critical stress intensity factor, Kic, and critical strain energy release
rate, Gic, were evaluated using a SENT configuration. The fracture toughening
mechanisms were identified via TOM, SEM, and TEM observation of thick- and
thin-sections and metal-coated fracture surfaces. Various fracture mechanisms were
identified in the binary and ternary systems. However, without cryotome, the fracture
mechanisms associated with the MWCNTSs in the ternary systems cannot be elucidated.
The sectioning of those samples and their subsequent evaluations with TEM is left for

future work.

6.4 Conclusions

Ternary systems containing P-MWCNTs, O-MWCNTSs, ZnO, and PA, were
fabricated and tested in SENT and DENT configurations to quantify the fracture toughness
improvement and allow for the identification of the fracture mechanisms responsible for
said improvement. The systems containing P-MWCNTs, O-MWCNTs, PA, and
PA/P-MWCNTSs exhibited Kic and Gic values that are similar to those that have been
reported by previous members the Polymer Technology Center [29, 73]. Somewhat
surprising, is the fact that the functionalized MWCNTs exhibited higher fracture
toughness values than that of PA and PA/P-MWCNT toughened epoxy. Even more
surprising is the observation that PA/O-MWCNTSs and PA/ZnO/P-MWCNTSs are able to
enhance the fracture toughness by 172% and 218%, respectively. Unfortunately, the
system containing PA/ZnO/O-MWCNTSs was unable to exceed the fracture toughness of

PA/ZnO/P-MWCNTSs. Furthermore, while the G\c of every composite system was larger
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than that of the neat matrix, the system containing PA/ZnO/P-MWCNTs exhibited a
drastic increase in Gic (871%), almost an order of magnitude compared to the neat matrix.

Unfortunately, cryotomed sections were not obtained and/or presented here. Initial
attempts at microtoming the ternary systems at RT yielded thin sections in which the PA
particles are clearly pulled out of the matrix, having been plastically deformed. If the
expectation that the ZnO QDs or the ZnO/O-MWCNTSs themselves will be located near
the PA microparticles, then RT sectioning will not yield adequate specimens. Therefore,
cryotome is necessary in order to properly investigate and identify the morphology and

fracture mechanisms of PA/IMWCNTS in epoxy.
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CHAPTER VII

CONCLUSIONS AND FUTURE WORK

7.1 Concluding remarks

The development of a new physical functionalization method was presented and
summarized. The method is a simple two-step wet chemistry approach whereby ZnO QDs
are grown in the presence of MWCNTSs in a MeOH solution via refluxing at elevated
temperature for 2 h. MWCNTSs were observed to be well-covered with wurtzite ZnO QDs
(with a small amount of clustering in systems containing O-MWCNTSs) and were stable
for up to a couple of months at concentrations of < 3 mg/mL. Furthermore, the hybrid
MWCNT solutions were observed to be well-dispersed when imaged with TOM. When
an epoxy monomer and curing agent were dissolved in the solution with a small amount
of acetone, the dispersion was observed to not change. Therefore, not only was a system
of ZnO/MWCNTSs stable and well-dispersed in organic solvent, but the presence of the
epoxy monomer and curing agent did not negatively affect said dispersion. This suggested
that the ZnO/MWCNTs would likely maintain their good dispersion state when the solvent
was removed and the epoxy matrix cured.

The effect of ZnO/MWCNTSs and PA on the fracture toughness, and tensile and
electrical properties of hybrid epoxy thin film nanocomposites has been studied in this
dissertation. Various fabrication and experimental techniques were used to account for the
evolution of the morphology and dispersion of the fillers. These techniques include XRD,
XPS, UV-Vis-NIR, TOM, TEM, DSC, and DMA. Several mechanical and fracture tests

were also performed to investigate the effect of the filler type on the tensile, fracture, and
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electrical behaviors of the thin film nanocomposites. The decoration of MWCNTSs, with
and without surface oxidation, enhanced the tensile modulus, tensile strength, and fracture
toughness of the epoxy nanocomposite films. Furthermore, the addition of
ZnO/P-MWCNTSs led to the formation of a conductive network that exhibited an electrical
conductivity an order of magnitude higher than that containing P-MWCNTSs only.
Moreover, all of the systems that contained O-MWCNTSs, were not conductive. When PA
was added to the MWCNT/epoxy composites, the modulus decreased, while the tensile
strength, ductility, and toughness all improved. The ternary composites containing
P-MWCNTs were conductive, but exhibited lower conductivities than their binary
counterparts. This has been observed to be due to the breaking up of MWCNT aggregates
due to the presence of PA microparticles.

The fracture mechanisms of the composites were investigated with TOM, SEM,
and TEM. However, the presence of low T4 PA requires cryotome, microtoming at
cryogenic temperature by using liquid nitrogen. However, this was unable to be performed
and reported on in this dissertation and is left for future work. On the basis of TOM and
SEM, the MWCNT aggregates present in the binary systems without functionalization
broke apart, reducing their overall size. PA microparticles were observed bridging the
crack, far behind the crack tip. Trans-particle fracture of PA was also observed behind the
crack tip. However, without TEM, especially in the ternary systems, the fracture
mechanisms attributed to MWCNT toughening were unable to be investigated and

identified.
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Multifunctional epoxy nanocomposite thin films were successfully fabricated and
exhibited enhanced stiffness, strength, ductility, toughness, and electrical conductivity
without a significant drop in processability of thermal stability. These films are ideal
candidates for B-stage interleave toughening of CFRCs to improve the delamination

toughness while not sacrificing through thickness conductivity or stiffness.

7.2 Future directions

The decoration of MWCNTSs with ZnO QDs opens up the possibilities for further
research and integration into various applications. Epoxy nanocomposite thin films can be
fabricated with tailored properties for a given set of operating conditions without
sacrificing their working temperature. Composites can be made that are conductive or
insulative, have a high or low modulus, tensile strength, and ductility, or are toughened.
Future work should focus on altering the concentration, filler chemistry, curing agent,
decoration density to gain further insight into the processing-structure-property

relationships in epoxy nanocomposites containing surface decorated MWCNTSs.

7.2.1 Filler concentration and grafting density

The concentration of MWCNTSs and the grafting density of ZnO QDs on their
surfaces should be altered to determine the limiting concentrating with respect to property
enhancement. MWCNTSs, with and without functionalization, should be dispersed at
concentrations ranging from 0.0 wt.% to 5.0 wt.% to determine the concentration at which
a percolative network forms and the investigate the maximum possible conductivity

attainable. The highest obtainable tensile and fracture properties should also be determined
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as a function of concentration. Furthermore, the grafting density of ZnO QDs on the
surface of MWCNTSs has already been demonstrated to be tailorable from a wt.%/wt.%
ratio of ZnO/MWCNT of 0/1 to 20/1. It has been observed that above a ratio of 8/1,
ZnO/MWCNTSs are not thermodynamically stable in organic solvent, so this challenge

would need to be addressed.

7.2.2 Curing agent chemistry

The curing agent used in this study, DETDA, yields an epoxy matrix with a Tg=150
°C, which is good for most structural applications. However, for more demanding
applications where higher working temperatures or increased modulus are needed,
different curing agents can be used. Furthermore, from a processing standpoint,
asymmetric curing agents are crucial to limiting the extent of the crosslinking reaction so
as to inhibit the buildup of viscosity during fabrication (hand layup, thin film processing,
VaRTM, etc.). The limitation of viscosity during the early stages of cure provides
sufficient time and increased mobility to form a conductive network or to more evenly
disperse rather than be locked into place upon vitrification of the network. A separate
curing agent may not be needed if the thermoplastic toughening particles or MWCNTSs
have surface chemistries that are able to crosslink with epoxide moieties. This would allow
for solvent free processing, which comes with a processing penalty, but is less energy

intensive.
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7.2.3 Metal oxide reduction to metal and QD chemistry

Metal oxides are able to be reduced in various inert atmospheres are elevated
temperatures, resulting in the change from exhibiting semi-conductive to conductive
behavior and very likely a change in their colloidal stability. This would be very beneficial
for tailoring the electrical properties of an epoxy composite for a given application.
However, this change in surface chemistry would certainly alter the particle-particle and
particle-matrix interactions, which may allow the vdwW forces between MWCNTSs to
dominate causing them to bundle and form aggregates in solution and in the matrix. This
would likely reduce any enhanced mechanical property that was previously observed for
the system containing MWCNTSs decorated with metallic oxide nanoparticles.

Various metal oxides and metals could be grown in situ on the MWCNT surface
depending on the required application; the choice lies with the researcher. For applications
that require a high dielectric constant, metallic oxides can be used, whereas for high
electrical and/or thermal conductivity, metals can be use. However, the reaction conditions
need to be well-documented because the growth and geometry of metal and metal oxide
nanoparticles is highly dependent on pH, precursor concentration, solubility in a given
solvent, etc. Furthermore, cost is another parameter that needs to be evaluated before

deciding on a particular metal or metal oxide chemistry.

7.2.4 Thermoplastic toughening particle chemistry
In this study, preformed PA microparticles were dispersed into an epoxy matrix
because previous studies have observed improved ductility, tensile strength, and fracture

toughness. However, the introduction of a high concentration of low Ty (relatively soft)
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thermoplastic particles has been shown to reduce the T4 of the composite. If high working
temperature and high fracture toughness are needed for a given application, then high Tq
(relatively rigid) thermoplastic particles such as PEI, PES, or PPE should be used.
However, special care should be taken when using these rigid thermoplastic particles
because their surface chemistries are different and could negatively influence the

interaction between them and the MWCNTS used.

7.2.5 Hybrid b-staged interleaves for improved delamination toughness in carbon

fiber-reinforced epoxy composites

B-stage interleave toughening is not a new concept, however, recent studies on
epoxy interleaves containing PA have reported remarkable improvements in the
delamination toughness of FRCs containing said interleaves. The preformed PA
microparticles are able to absorb a significant amount of fracture energy by bridging the
crack formed by the delamination between two plies at the mid-plane (the most common
damage initiation zone) and undergoing extensive plastic deformation. However, the
introduction of PA toughened epoxy interleaves has its drawbacks, specifically when it
comes to stiffness, Ty, and electrical conductivity. When PA is dispersed into epoxy at a
high concentration, the Ty and tensile modulus of the interleave drop as a result.
Furthermore, the interleave, insulative in nature, acts to inhibit the conduction of electrons
through the fiber-reinforced network of the composite. The systems studied in this
dissertation are well-suited to address these concerns and should be optimized to take full

advantage of reinforcing ability.
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7.2.6  Anti-corrosive Zn-rich epoxy coatings containing ZnO/MWCNTs and/or PA

Corrosion is a thermodynamic inevitability in metals, even though extensive
research has been conducted to understand and prevent it. As of yet, no ideal method or
approach has been developed that can prevent corrosion indefinitely. However, the use of
protective coatings has long since been used to address the need for anti-corrosive
materials.

Epoxy is one of the most commonly used materials to prevent corrosion in severe
environments (oil and gas). However, hydrophilic moieities intrinsic to epoxy, such as
-OH, -COOH, and -NHa, contain lone pairs of electrons that cause epoxy to leach water
from its surroundings. This increased water uptake decreases the effectiveness of epoxy
to prevent the corrosion of the metallic substrate upon which it coats. Therefore, numerous
research studies have been conducted with the aim of improving the corrosion resistance
of epoxies by introducing various fillers.

The incorporation of metal particles, such as Zn and Mg, is a common approach to
improving the corrosion resistance of epoxy primers. If a homogenous dispersion of
particles forms, the substrate will be protected by anodic protection, whereby the fillers,
which are more active compared to the substrate, corrode when exposed to corrosive
elements and act as a shield for the substrate. It is important for the fillers to form a
conductive network so that any localized corrosion is delocalized across the entire surface
of the coating. Unfortunately, a very high concentration of metal particles (= 70%) is
necessary and this has led to environmental concern over their incorporation. The need for
such a high concentration of metal can be mitigated by introducing CNTSs at a very low
concentration, but enough to form a percolated network. This should allow for a much
smaller amount of Zn particles to be used as sacrificial agents, reducing the weight and
cost of anti-corrosive coatings and the growing environmental concern surrounding their
use.

Nanoparticle-decorated MWCNTSs and thermoplastic particles can be introduced
into the Zn/epoxy coatings to address the need for a conductive network and improved
fracture toughness [63, 233, 357-359]. Furthermore, CNT/epoxy composites have
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exhibited improved wear and scratch resistance, which would help alleviate the localized
corrosion of the substrate caused by surface damage. The systems presented in this
dissertation would be excellent candidates for anti-corrosive coatings, especially if the
ZnO QDs could be reduced to Zn particles and still provide enough stability for the
MWCNTSs to remain well-dispersed [359, 360].

7.2.7 Dielectric epoxy thin films containing ZnO/MWCNTSs

Recent work into the dielectric response of epoxy composite films containing
ZnO/MWCNTSs has provided insight into their applicability for dielectric applications.
The films containing ZnO/O-MWCNTs exhibited a dielectric constant of =32, which is
more than two times greater than neat epoxy (=14), over a range of frequencies from 0.11

Hz to 10 MHz (Figure 68).
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Figure 68. Dielectric constant and dielectric loss spectra of neat epoxy and
ZnO/O-MWCNT/epoxy thin films.

Furthermore, both the neat epoxy and ZnO/O-MWCNT/epoxy exhibited essentially no

dielectric loss. This is promising for dielectric applications, especially if dielectric
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constant can be further improved without increasing the dielectric loss. If this is the case
for epoxies with increased ZnO/O-MWCNT content, then these films could be used as

thin film capacitors.
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