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ABSTRACT

CHEMICAL AND PHYSICAL INTERACTION MECHANISMS AND
MULTIFUNCTIONAL PROPERTIES OF PLANT BASED GRAPHENE IN CARBON
FIBER EPOXY COMPOSITES

Daniel W. Mulqueen
Old Dominion University, 2023
Director: Dr. Oleksandr G. Kravchenko

Graphene has generated substantial interest as a filler due to its exceptional strength, flexibility, and
conductivity but faces obstacles in supply and implementation. A renewable, plant-based graphene
nanoparticle (pGNP) presents a more accessible and sustainable filler with the same properties as mineral
graphenes. In this study, the mechanisms of graphene reinforcement in carbon fiber reinforced plastic (CFRP)
were examined, along with the resulting improvements to mechanical strength, resistance to crack
propagation, electrical and thermal conductivity at elevated temperatures. pGNP, produced from renewable
biomass, was shown to have a graphitic structure with flakes 3-10 layers thick and a median lateral size of
240 nm with epoxide and carboxyl functional groups. pGNP was sprayed on carbon fiber/epoxy prepreg at
loadings from 1.1 g/m? to 4.2 g/m>. An even particle dispersion was achieved using a spray application in a
water/alcohol suspension with the addition of surfactants and dispersion aides. Results show interlaminar
pGNP improved Mode I fracture toughness at crack initiation by 146% at 20°C and 126% at 90°C, with
fracture toughness improved by 53% and 52% during propagation at 20°C and 90°C, respectively. Mode 11
fracture toughness was not changed at 20°C and improved 55% at 90°C. pGNP addition increases flexural
modulus by 15%, flexural strength by 17%, and interlaminar shear strength by 17%, as well as electrical
conductivity by 397% (i22) and thermal conductivity by 27% (ki1), with these improvements observed at 1.1-
2.3 g/m? spray loadings. Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), and dynamic
mechanical analysis (DMA) show polymer crosslinking with graphene surface groups and the resulting
restriction of side chain movement. These restrictions improve composite performance at ambient and
elevated temperatures, extending the damage process zone and increasing fracture toughness, as well as

improve particle/matrix interaction, leading to improved conductivity.
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CHAPTER 1

INTRODUCTION

Graphene is composed of a hexagonal lattice of aromatically bonded carbon atoms, either one layer
thick or consisting of a few stacked layers [1]. It has a unique combination of properties, including high
mechanical strength, high electrical conductivity, and high thermal conductivity, which make it highly
attractive for a wide range of applications, including composite materials where a small amount of graphene
can significantly increase the strength, stiffness, and toughness while also improving the electrical
conductivity and thermal stability of the material [2—6]. However, there are several issues with the use and
adoption of graphene; graphene has been difficult and expensive to produce on a commercial scale, there is
currently no standardized method for characterizing graphene, making it difficult for researchers to compare
results and for industry to adopt it into products, and integrating graphene into material systems—composite
and otherwise—has proven difficult due to issues with self-agglomeration of graphene particles [1]. This
dissertation aims to address these issues in the following ways: First, a plant-based graphene nanoplatelet
(pGNP) will be introduced as a more available, lower cost pathway to conventional graphene production;
second, methods will be discussed to illustrate the connection between graphene characterization and
utilization in a material system and; third, the roots of particle agglomeration in graphene/surface interactions
will be highlighted.

Agglomeration is frequently cited as a primary obstacle to effective graphene utilization [7—10]. Liquid
phase dispersions are well understood, and well dispersed particles require that Brownian motion be a
sufficient energy barrier to aggregation [1]. Graphene, owing to its unique, hybridized, aromatic lattice, has
very high Van der Waals self-interaction [11], which—when coupled with the extremely high theoretical
surface area of monolayer graphene (~2590 m?/g [1])—results in substantial agglomeration potential which
requires a high degree of energy to overcome [12—15]. This agglomeration is given as the cause for poor
filler-matrix interfaces which result in negative impacts to composite properties, however—as this
dissertation aims to show—graphene agglomeration is the result of poor filler-matrix interfaces, rather than
the cause. Proper material characterization and system design can be used to engineer effective graphene

composites.



1.1. Nanomaterials in Polymer Composites

Plastic based composite components and Carbon fiber Reinforced Plastics (CFRP) in particular offer
several advantages over metals for OEM parts manufacture; lighter weight, higher specific strength and
stiffness, and impact resistance [16]. Plastic utilization is growing rapidly [17,18], but fiber reinforced
composites suffer from several drawbacks as compared to traditional materials including poor interlaminar
toughness, high temperature sensitivity, and low thermal and electrical conductivity all of which are functions
of the polymer matrix [16,19]. Temperature dependence of the fracture resistance of composites is critical to
many applications of the materials, but temperature studies have been underrepresented in literature [20].

Graphene is a Carbon Nanoparticle (CNP) composed of a large network of aromatic, sp2 bonded carbon
rings in planar lattices. Nanomaterials are defined as having at least one dimension on the nanoscale (1-100
nm) and graphene is notable for having a thickness of 0.3-10 nm with lateral dimensions of hundreds or
thousands of nanometers [21]. This results in materials which interact on both the scale of chemical
interactions as well as the scale of mechanical interactions [22]. Graphenes have shown potential for use in
composite materials due to high mechanical strength as well as exceptionally high conductivity [2-6],
however success in application has relied on successful dispersion of CNP and integration into polymer
systems [1]. Graphene nanoparticles (GNP) have potential in enhancing the interlaminar properties of the
composite matrix [23]. Very small loadings of graphene have shown mechanical improvements in composite
systems [21,24-26].

There has been substantial work showing the effectiveness of GNP in improving fracture strength at
ambient temperatures, [25-30]. Other work demonstrated the effectiveness of using GNP to improve the
thermal stability of composite materials [31-33] and the electrical conductivity with interlaminar applications
[34-37]. Studies examining graphene coated fibers in composite systems have examined the temperature
dependence of interfacial bonding between fibers and the polymer matrix. One study showed that at
cryogenic and room temperatures, graphene oxide fiber coating improves interfacial bonding but at elevated
temperatures defects between the graphene oxide and the polymer are enhanced [38]. A study of a CFRP
using carbon fibers with electrophoretically deposited graphene showed improvements to interlaminar shear
strength of 25% at ambient temperature, 16% at 70°C, and 13% at 120°C [39].

GNP interface with polymers at both the molecular and macroscopic scale, resulting in multifunctionality



of GNP nanocomposites in terms of effective thermal-electrical, mechanical and viscoelastic properties,
respectively. As seen by these examples of the prior studies, GNP nanoparticles are commonly considered as
a reinforcement on a smaller scale without focusing on the potential impacts of GNP on the mobility of the
cured network, especially at elevated temperatures. The effects of GNP on TC and fracture properties at
elevated temperature properties have not been widely explored, despite offering insight into polymer-
nanoparticle interactions. This work aims to use a broad selection of methods to characterize the mechanisms

of interlaminar pGNP reinforcement on a CFRP system.

1.2. Problem

1.2.1. Fracture

Due to the wide variety of fiber and matrix properties, there is a range of elevated temperature behaviors
for composite fracture. Generally, temperature increase results in reduced elastic modulus [40], however, the
effect of temperature on strength and toughness depends on the epoxy matrix system used in the composite.
In studies utilizing resins with high glass transition temperatures (7) (170°C-190 C), the fracture resistance
increases over ambient conditions by 19% at 80 °C [41] and 36% at 90 °C [20]. This is due to increases in
the ductility of the matrix and the testing temperature relative to the 7 of the resin. Conversely, a study of
resin based unidirectional CFRP with 7 of 180°C showed a decrease in toughness at 150 °C of ~20% and
an increase in toughness of ~40% at 100°C [42]. Another study used resin with 7 of 60°C and found that
Gic was maximized at 7 and reduced at higher temperatures by 50% at 100°C and 86% at 140°C [43].
Similarly, in Mode II fracture, Guc was shown to increase slightly at 70°C and decrease by nearly 40% at
100°C due to resin softening [44]. Other mechanical properties, such as flexural strength show similar
temperature dependence. An examination of flexural strength from -100°C to 100°C showed that flexural
modulus was consistent at low temperatures and decreased 50% at 100 °C from ambient values [45]. Flexural
strength at -100°C was 75% greater than ambient and reduced at elevated temperature: at 60°C it was 8%
lower and at 100°C was 83% lower than ambient [45]. Studies of CFRP tensile strength have shown strong
temperature dependence on tensile strength, with a significant loss of strength (30-50%) occurring well before
T due to matrix softening and reduction of fiber—matrix adhesion [46].

Very small loadings of graphene have shown mechanical improvements in composite systems. 0.1%

w/w loading of graphene in bisphenol-A epoxy provided improvements of 40%, 31% and 53% to tensile



strength, modulus, and fracture toughness as compared to 3%, 14%, and 20% with carbon nanotubes [24]. A
loading of 0.2% w/w has shown improvements of ~34%, 20%, 83%, and 55% to tensile strength, modulus,
toughness, and flexural strength, respectively [21]. The study of the mechanisms of GNP reinforcement has
been limited, examining fracture through microscopy or ignoring mechanisms of composite toughening
altogether [1,23,25-27,47-49] with a small number considering possible chemical interactions between GNP
functional groups or physical interactions on the scale of polymer molecules [50-53], and very few

examining behavior at elevated temperature.
1.2.2. Conductivity

Thermal and electrical conductivity are seeing a growing demand as properties such as heat and current
dissipation are of increasing concern for applications for miniaturized electronics to electric vehicle
construction [2]. Lack of electrical conductivity is an obstacle to the use of reinforced thermosetting plastics
in applications where conductivity is essential such as the aerospace industry [3]. Electrostatic painting
systems are widely used in automotive coatings but have difficulty with plastic parts because of a lack of
electrical conductivity [4]. Plastics are widely used for corrosion resistant tanks and piping, but static build
up due to a lack of conductivity creates an explosions hazard [5]. The transition from metal to plastic parts
in automotive structures, such as battery enclosures, requires the addition of electrically conductive elements
to provide shielding from electromagnetic interference [54].

Carbon nanomaterials, such as graphene, have exceptionally high carrier mobility which promises
dramatic increases in electrical and thermal conductivity as well as benefits to the physical properties of the
plastic parts [2—6]. The large, aromatic structures of GNP create long mean free paths for electrons without
electron-electron interactions, which gives graphene a fundamentally different mechanism for conductivity
from metals and semimetals [55]. This unique physics gives pristine graphene a conductivity of up to 100
MS/m—70% higher than copper—and in macroscopic application graphene has shown conductivity of 70-80
MS/m [56]. Coupled with a density of 0.3 g/cm®-as compared to copper (8.93 g/cm?) and aluminum (2.69
g/cm®)—graphene has a theoretical specific electrical conductivity of 333.3 MS-cm?/g-m, giving graphene a
specific electrical conductivity 50 times higher than copper and 23 times higher than aluminum [57].
Functionally, the percolation limit of graphene may be reached at 1% loading w/w, although at these

loadings’ conductivity may be increased by nine orders of magnitude [58].



Thermal conductivity is also an important problem for composite manufacture. As compared to metals,
the CRFP has very low thermal conductivity, the thermoset matrix in most epoxies has a thermal conductivity
of ~0.17-0.79 W/m-K, while the fibers have a conductivity of 24.0 W/m-K. The thermal conductivity is
anisotropic, and variations in fiber volume, fiber orientation, and configuration all affect the final
conductivity, but ranges from 0.5 W/m-K (through the thickness) to 3 W/m-K (in the fiber direction) are
reasonable [59]. Aluminum has a thermal conductivity of 200 W/m'K and copper has a thermal conductivity

of 400 W/m'K, while graphene has a thermal conductivity of as much as 4000 W/m'K [55].
1.2.3. Dispersion and Agglomeration

Carbon nanomaterials have a potential in enhancing the interlaminar properties of the composite matrix
when used as an interlaminar layer [23]. Interlaminar graphene addition offers multiple benefits over
nanoparticle dispersion in resin. First, the uniform dispersion of nanoparticles through the matrix reinforces
critical as well as noncritical regions equally resulting in a higher than necessary cost. Secondly, small
nanomaterial addition increases the resin viscosity substantially, resulting in difficult processing in resin
transfer molding. Spray application of nanoparticles offers a solution to both issues. By not mixing the
nanoparticles directly, resin viscosity is not increased and by only applying nanoparticles to critical,
interlaminar, areas, costs are optimized [60]. Additionally, in a resin transfer process, the fibers can filter
nanoparticles from the resin, creating agglomeration and uneven distribution through the composite [7].
Targeted interlaminar addition of carbon nanoparticles (CNP) have shown increases in fracture toughness
[34] as well as functionalization for structural health monitoring [35] and applications in microwave welding
[36]. Hand rolling, or coating of graphene interlaminar layers can be time consuming and inconsistent. The
use of interleaf layers adds complexity and mass beyond the low mass of interlaminar GNP, as well as

potentially interfering with resin impregnation.
1.2.4. Barriers to Graphene Use

While graphene offers several benefits, it has yet to succeed widely in the marketplace for several
reasons. Graphene has high levels of Van der Waals self-interaction which are correlated to aggregation and
difficulty in dispersion and application [1,2]. Graphene materials have maintained a high cost, due to short
supply of high-quality graphite precursors and difficulty producing graphene nanoparticles. Another issue

which has not been broadly discussed is carbon emissions and the significant environmental impact of



graphene production. Due to increased environmental awareness—as well as environmental regulations—
composite manufacturers are utilizing new material from renewable, plant-based feedstocks [3]. Graphene
production from graphite through the chemical reduction of graphene-oxide, ultrasonic exfoliation, and
thermal exfoliation are all energy intensive, requiring 70-2000 MJ/kg to produce, utilize several hazardous

chemicals and produce hazardous pollutants [4-7].
1.3.Scope of Work

This dissertation focuses on experimental characterization of CRFP composites treated with interlaminar
spray of pGNP in order to determine the mechanisms of interaction responsible for pGNP reinforcement and
multifunctionality. Due to the unique scale and morphology of pGNP, interactions in the composite system
were investigated on the order of; (i) chemical bonding, (ii) polymer chain vibrations and, (iii) direct physical
reinforcement. To this end, this dissertation aims to use a broad selection of methods to characterize the
mechanisms of interlaminar pGNP reinforcement.

Characterization of pGNP particles develops a basis for the mechanisms of interaction which were
observed. Analysis of the reaction kinetics under curing presents insight into the impacts of pGNP addition
on reaction kinetics. Physical analysis of the mechanical properties of pGNP/CFRP as well as thermal and
electrical conductivity build a cohesive model of pGNP interactions across a wide range of conditions.
Special attention in this dissertation was given to the performance of the pGNP/CFRP system at elevated
temperatures, where the impacts on polymer behavior at elevated temperature provide key insights into pPGNP
interactions in the epoxy system.

Thorough attention was also paid to pGNP suspension formulation. Suspension formulation and spray
performance were shown to have a significant impact on achieving pGNP dispersion in the interlaminar

region which was necessary to achieve the targeted effects.
1.3.1. pGNP Characterization

pGNP was characterized to develop an understanding of how pGNP properties interact with the CFRP
composite system and to provide a reference to other studies which use GNP. GNP vary widely in properties
depending on the properties of the precursor graphite material and the exfoliation process used for production
[12]. Biomass feedstocks typically carbonize into amorphous, hard carbons which are dominated by sp3

bonding [62]. Detailed analysis of GNP properties is essential for both plant and mineral based GNP to be



able to compare nanomaterials between studies as well as to understand the interactions between the GNP
and the composite system. An additional factor which is considered in this dissertation, which is
underexamined in other literature, is the energy and environmental impact of pGNP production and cradle-
to-gate lifecycle assessment.

In order to quantify the properties of the pGNP material, several methods were used. Raman
spectroscopy was used to confirm the graphitic nature of the sample and assess the level of disorder. Scanning
Electron Microscopy (SEM) was used to determine the range of lateral platelet sizes. Transmission Electron
Microscopy (TEM) was used to confirm the layered particle morphology and to survey the layers in the
particles. X-ray Photoelectron Spectroscopy (XPS) was used to determine the chemical species present and

the bond structure on the surface of the platelets.
1.3.2. Spray Suspension Formulation

The formulation of an effective pGNP spray suspension was studied to develop an understanding of how
selection of suspension components affects interlaminar pGNP dispersion. Suspension components do not
impact the pGNP/CFRP system, but multiple secondary characteristics are important for developing a
successful suspension. Particle loading in the suspension is important for delivering effective interlaminar
coatings without excessive spraying. Wetting of the surface and rapid drying are important for producing a
uniform coating without spotting or agglomeration. Suspension viscosity is important, shear thinning is
preferable for spray formulations where low viscosity at high shear rates improves spraying performance
while high viscosity at lower shear rates prevents sagging of the sprayed surface and improves long term
suspension stability [63,64]. Cost and environmental impacts are also considered.

Water, alcohol, and acetone solvents were investigated along with carboxymethylcellulose (CMC) and
sodium dodecyl sulfate (SDS) as dispersion aides. Loading of suspended pGNP in the suspension was
evaluated by measuring the suspended solids 48 hours after mixing. pGNP dispersibility in investigated
solvents was compared to conventional graphenes from mineral and synthetic graphite sources. Surface
energy of the suspension on prepreg substrates was evaluated through contact angle measurement using the
sessile drop method. Viscosity was measured to evaluate the impacts of dispersion aides at shear rates from
1-1000 s™'. Finally, test surfaces were sprayed, comparing the optimized suspension to a simple pGNP/water

suspension to observe the applied coating.



1.3.3. Curing Kinetics

The effects of pGNP interlaminar addition on CFRP-prepreg cure kinetics were studied to develop an
understanding of how pGNP properties impact the chemical and thermal properties of the cure cycle. The
expected impacts of pGNP thermal conductivity and chemical interaction with the curing polymer were
expected to provide a significant change to the cure kinetics of the pGNP/CFRP system. Significant
temperature fluctuations and changes in curing time have a crucial impact on the design of pGNP/CFRP
composites. As there are various factors that can potentially affect the curing kinetics, multiple techniques
are utilized for characterization. The heat flux in pGNP composites is measured using Dynamic Scanning
Calorimetry (DSC) in comparison to neat composites to determine the rates of curing reactions. To assess
the impact of pGNP addition on the bond structure of the cured composite, Raman Spectroscopy is employed
to measure the cured bond structure as compared with a neat resin. Because temperature evolution in the
center of thick composite sections is a product of both through thickness conductivity and heat of reaction,
the temperature during curing is measured using a thermocouple probe to provide direct measurement of the
impacts of interlaminar pGNP addition. The specific gravity of cured composites is measured at increasing

pGNP loadings to evaluate void formation and its impacts on temperature evolution during curing.
1.3.4. Mechanical Characterization

The mechanical properties of the pGNP/CFRP system were studied to quantify the impacts of pGNP
addition and to develop an understanding of pGNP interaction in the interlaminar region of the CFRP
composite system. Investigations on the reenforcing properties of GNP are well studied [25-30], as is work
demonstrating the effectiveness of GNP in improving the thermal stability of composite materials [31-33]
examinations of the mechanical benefits of GNP at elevated temperature have been limited [39]. It is the aim
of this dissertation to explore these benefits and to use the performance at multiple temperatures to describe
the interactions of pGNP with the composite system.

Thermo-mechanical characterization of viscoelastic properties was performed using Dynamic
Mechanical Analysis (DMA), showing the storage and loss modulus of the composite when heated past the
glass transition temperature (7). The impacts of pGNP addition on the flexural modulus and strength of the
composite were measured using flexural beam testing. Interlaminar shear strength (ILSS) was measured

using short beam testing. Mode I (opening mode) fracture was evaluated using Double Cantilever Beam



(DCB) testing and the fractured surfaces were measured using fracture surface micrography to quantify
mechanisms of fracture toughness improvement. Mode 11 (sliding mode) fracture was measured using End
Notch Flexure (ENF) testing. The examination of fracture modes with stable crack growth (Mode I) and
unstable crack growth (Mode II) gives particular impacts into the detailed interactions between pGNP and
the composite system with regards to matrix plasticity and the damage process zone. Measurements were
performed at ambient (20°C) and elevated temperatures (90°C).

1.3.5. Thermoelectrical Characterization

The thermal and electrical conductivity of the pGNP/CFRP system were studied to quantify the impacts
of pGNP addition and to identify potential uses for the multifunctionality of pGNP treated composites.
Enhancing thermal and electrical conductivity is beneficial as it broadens the scope of applications for
composite parts, allowing them to function effectively under a wider range of conditions. Measurements of
conductivity were made on unidirectional composite cubes, which allowed for the isolation of conductivity
in the fiber direction (1), perpendicular to the fiber direction (2), and in the out-of-plane direction across the
composite thickness (3). The Kelvin four-point measuring technique was employed to measure electrical
conductivity. This approach involves using distinct pairs of electrodes for current delivery and voltage
sensing. This method is particularly beneficial for measuring low resistance values since separating the
current and voltage electrodes removes any lead and contact resistance that could affect the measurement.
Thermal conductivity was measured using a two-sensor heat flux measurement between a heated and cooled
plate at a constant power. Both conductivity measurements were conducted at 30°C, 50°C, 70°C, and 90°C to

examine impacts on temperature on the composite conductivity.
1.3.6. Scope of Dissertation

The targets of this work are multifold. First, it is the goal of this work to show a more detailed description
of graphene/polymer interaction and to highlight how a combination of chemical, mechanical, electrical, and
thermal analysis is useful in this aim. Additionally, pGNP will be introduced as a more available, lower cost
pathway to conventional graphene production. The mechanical and multifunctional benefits of pGNP
application will be detailed. Spray application will be presented as a means of nanoparticle application with
benefits over other methods. Finally, the roots of particle agglomeration in graphene/surface interactions

which are frequently attributed to difficulty in graphene utilization will be examined.
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Chapter 2 provides background for the work of this dissertation. It describes graphene as a material, the
properties of graphene which are relevant to the scope of this work, the means by which graphene has
previously been produced, and the environmental impact of graphene production and utilization. Chapter 2
also describes the state of graphene use in composite materials, difficulties in utilization which have been
published, and the potential for future applications.

Chapter 3 provides background on the materials and methods used in this dissertation. Information is
given on key materials used, including points of purchase and material specifications. Details for suspension
formulation and composite fabrication are also included in this section. The methods of characterization are
described with a description of the high temperature heating chamber used in fracture and conductivity
analysis.

Chapter 4 aims to provide a thorough characterization of pGNP which is key in both understanding the
similarities and differences pGNP has when compared to other graphene materials as well as characterizing
the behaviors observed in subsequent chapters. pGNP production and life cycle assessment are given to show
the environmental impact of pGNP production and use. pGNP characterization gives a thorough analysis of
the particle size, morphology, chemical composition, and functionality.

Chapter 5 aims to provide a clear description of the key factors in designing a graphene suspension for
spray application, particle dispersion, surface energy, and viscosity, as well as cost and chemical
compatibility. The impacts of solvent choice and suspension additives are evaluated for each of the above
properties, and an optimal suspension formula is tested in spray application.

Chapter 6 investigates the impact of interlaminar pGNP addition on the curing kinetics of the CFRP
system with the goal of characterizing chemical interaction with the curing epoxy matrix. Differential
scanning calorimetry directly measures the impact of pGNP addition to energy flow during curing, Raman
spectroscopy analyzes the impact to the epoxy bond structure with pGNP after curing, and the measure of
temperature evolution inside a thick composite during curing shows the impact of pGNP addition in a
practical application.

Chapter 7 examines the mechanical performance of the pGNP/CFRP system, with a focus on examining
changes at elevated temperature as a means of understanding nanoparticle/matrix interactions. Dynamic

Mechanical analysis examines the flexural strength of the pPGNP/CFRP system across a range of temperatures
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and provides detail on how pGNP impacts polymer chain movement. Flexural beam testing measures the
improvement of interlaminar pGNP on the strength and modulus of CFRP. Short beam testing measured
interlaminar shear strength, a property of the load transfer between plies in the interlaminar region. Mode I
and II fracture testing highlights the impacts of pGNP on fracture—a key failure mode for composites—
which demonstrates the mechanisms of reinforcement as developed in previous chapters.

Chapter 8 examines the multifunctional properties of pGNP/CFRP—specifically electrical and thermal
conductivity—with a focus on relating conductivity to the particle matrix interactions as developed in
previous chapters. Electrical and thermal conductivity are examined at ambient and elevated temperatures.

Chapter 9 describes ongoing work which aims to apply the principles developed in the previous chapters
to a new material system. Glass fiber/PA6 organosheet is used as a composite system to highlight the
differences in application with both fiber and matrix. The specific challenges of the GF/PA6 system are
discussed, the suspension and spray formulation steps are repeated and a pGNP spray is applied to
organosheet panels. Surface conductivity is measured.

Chapter 10 summarizes the conclusions of this work, describes ongoing work, and makes

recommendations for future research.
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CHAPTER 2

BACKGROUND OF THE STUDY

This section provides background for the work of this dissertation. Graphene is described, along with its
history, unique structure, and the different graphene materials which are commonly used. Relevant properties
of graphene are illustrated and compared to similar nanomaterials. Past work utilizing graphene in composites
is summarized, with a focus on the mechanical and multifunctional properties, methods of application,
difficulties in utilization, and the potential for future applications.

2.1.Graphene Background

Graphene was first isolated and characterized in 2004 at the University of Manchester, UK by Andre
Geim and Konstantin Novoselov, who would be awarded the Nobel Prize in Physics in 2010 for their work
[6]. While graphene refers to a monolayer of carbon atoms, the term has expanded to describe a family of
materials including mono-layer or “pristine” graphene to multilayer graphene nanoplatelets (GNP), graphene
oxides (GO) which are derived from graphene and have a distinct structure and chemistry, and reduced
graphene oxides (rGO) [65]. Graphene materials are divided into two categories: “bottom up” production
which utilizes a chemical vapor deposition (CVD) process to deposit carbon atoms on a metal substrate and
“top down” production which uses a graphite feedstock material that is exfoliated using one of several
methods—chemical, thermal, or physical—to separate the stacked carbon layers [6,65]. Over 40 commercial
areas have been identified where graphene is expected to have a significant impact, including structural
materials, smart materials, electronics, thermal transfer, and lightweighting [65]. With such variation in
materials and applications, it is important to clearly define graphene’s properties and potential applications.

2.1.1. Graphene Properties

Orbital hybridization is the concept of mixing atomic orbitals to form new hybrid orbitals in order to
form chemical bonds [66]. Carbon, with four valence electrons, has one electron in the s-orbital and three
electrons in p-orbitals which can form bonds with up to four different atoms. The names for these hybrid
orbitals, sp, sp2, and sp3, refer to the ratio of mixing of the two atomic orbitals, sp being an equal mixing of
the s- and p-orbitals, while sp3 has 75% of the p-orbital characteristic and 25% of the s-orbital characteristic.

In sp hybridization, carbon atoms form 180° bonds as in molecules such as acetylene (C,H,), where the
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carbon atoms are bonded to each other via a triple bond. In sp3 bonding, carbon atoms have four orbitals
arranged tetrahedrally with a bond angle of 109.5 degrees, such as four hydrogen atoms in methane (CHa),
with other carbon atoms in a diamond like structure, or other organic molecules. The absence of unhybridized
p-orbitals in sp3 hybridization makes it less likely for molecules to form pi bonds or participate in
conjugation, however sp3 hybridization can result in greater steric hindrance and less reactivity due to the
lack of available p-orbitals for pi bonding [66]. The different carbon hybrid orbitals and the corresponding

carbon structures are shown in Figure 1.
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Figure 1. Carbon hybrid orbitals and the corresponding crystal structures [67].

In sp2 bonding, carbon atoms have three hybrid orbitals and one unhybridized p-orbital, which can
overlap with the p-orbitals of other atoms to form pi bonds. The combination of overlapping p-orbitals from
adjacent carbon atoms creates a delocalized pi-electron system that spans the entire molecule. In benzene
(CsHs), the simplest aromatic molecule, each carbon atom is bonded to two other carbon atoms via sp2 hybrid
orbitals and one hydrogen atom via a sigma bond. The remaining p-orbital of each carbon atom overlaps with
the p-orbitals of the adjacent carbon atoms to form three pi bonds that are delocalized across the entire ring
structure. This results in a continuous ring of overlapping pi-orbitals, which makes benzene highly stable and
resistant to chemical reactions. This delocalized system of pi-electrons is responsible for the characteristic
properties of molecules that exhibit sp2 bonding, such as planarity and aromaticity as well as electrical

conductivity, thermal resistance, and strength [8—10]. It is because graphene is a large molecule composed
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of a crystalline network of sp2 bonded carbon atoms that it has such unique properties which are desired in
research and commercial applications. Because the carbon atoms in GO have been oxidized, the hybrid sp2
bonds have been converted to sp3 bonds, removing the delocalized electrons and many of the properties of
graphene. This is why GO acts as an insulator rather than a conductor. Other carbon materials may have a
combination of sp2 and sp3 bonding, such as soot and carbon black [68] and biomass charcoals [62], but they
lack the large-scale aromatic structure which imparts the properties graphene is known for.

Other carbon nanomaterials, including Carbon Nanotubes (CNT) and fullerenes possess similar sp2
structure to graphene, but have a different morphology. CNT consist of long tubes of sp2 carbons, giving
them a similar high aspect ratio in one dimension. As such, there is less interfacial area for bonding with a
matrix and creating conductive pathways through a composite [69]. Fullerenes are small spheres of aromatic
carbons, sometimes referred to as 0D carbons [6] The lack of significant aspect ratio limits fullerenes
applications in composite materials.

The physical dimensions of GNP are important to understanding their physical properties and interface
with material systems. A single layer of graphene has a thickness of 0.335 nm, and a multilayer graphene
will have a thickness that is roughly 0.335 nm times the number of layers, on the order of 0.3-10 nm. Lateral
dimensions on the order of hundreds or thousands of nanometers [21,69]. The aspect ratio of GNP has been
shown to affect the interlock between GNP and the matrix [69]. The exceptionally high aspect ratio and single
or multiple atom thickness gives GNP exceptionally high specific surface area, ~2590 m?/g for monolayer
graphene [1].

Surface functionality is another key property of graphene materials. Pristine graphene is noteworthy for
having a unique surface structure which is primarily interactive through Van der Waals forces with other
aromatic structures and other graphenes in particular [1]. Impurities in the graphene surface, in the form of
Surface Functional Groups (SFG) add chemical interactions with other chemical structures. SFG refers to
specific chemical groups or moieties that are present on the surface of a material. These groups can play a
critical role in determining the chemical and physical properties of the surface, including its reactivity,
wettability, and adhesion. SFG which are common on carbon surfaces include hydroxyl (-OH), carboxyl (-
COOH), carbonyl (—C=0), epoxide (C—O-C), carbonate (—CO3), alkyl (C-H), and silane (Si-H) [70,71],

although many more are possible with chemical functionalization. The high surface area of GNP, and unique
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aromatic properties result in a high impact of surface functionalization.
2.1.2. Graphene Enhanced Composites

GNP have been studied extensively for impacts to composite material systems with a range of results.
Studies have focused on enhancing the mechanical properties or conductivity of composites but rarely are
both impacts considered, or the relationship between them.

Very small loadings of graphene have shown mechanical improvements in composite systems, with
fracture toughness showing the greatest relative improvements. A 2009 study by Rafiee, et al. compared the
impacts of GNP and CNT addition at 0.1% w/w loading of graphene in bisphenol-A epoxy, dispersed in
epoxy using an acetone solvent replacement method. GNP provided improvements of 40%, 31% and 53%
to tensile strength, modulus, and fracture toughness as compared to 3%, 14%, and 20% with carbon nanotubes
[24]. A similar 2018 study by Adak, et al. tested a loading of 0.2% w/w GO, which showed improvements
of ~34%, 20%, 83%, and 55% to tensile strength, modulus, toughness, and flexural strength, respectively
[72]. Brushed on graphene nanoparticles have shown improvements in a 2015 study by Kamar, et al. where
glass fibers were coated in a GNP/epoxy mixture dispersed in alcohol before CFRP composite fabrication.
Mode I fracture toughness was increased 25% with a 0.25% (w/w) of particles [26]. Ning, et al, showed that
use of a GO/epoxy interleaf in CRFP showed an optimal loading of 2 g/m? (0.5% w/w) which enhanced
Mode I toughness by 170.8%. The interleave was produced by dispersing GO in N,N-dimethyl formaldehyde
before solvent exchange with epoxy resin to produce a GO/epoxy paste which was applied to the interlaminar
fracture region [25]. In a similar interleave study, by Zhao, et al, GO was polymerized with polyamide at 1%
w/w in an in-situ process provided 80.6% and 36.2% under Mode I and Mode II deformation, respectively at
a loading of (0.5% graphene oxide w/w) [27]. In a 2013 study, Shadlou compared the behavior of spherical
nanodiamond, CNT, and GNP and observed 13% reduction in mode-II fracture toughness of epoxy resin
reinforced with 0.5 wt% graphite oxide (GO) [73]. Similar 13% decreases in Mode II toughness were
observed by Ahmadi-Moghadam in 2013, which was attributed to stress imbalance between the matrix and
GNP [69]. A study by Kumar and Roy in 2018 on fracture using hydrogen passivated graphene showed
improvements of ~48% in Mode I toughness on initiation and ~158% in Mode II, owing in part to improved
Van Der Waals interactions of the passivated graphene [50]. While Mode I fracture results are generally

improved with GNP addition, Mode II results appear split, with untreated GNP and GO decreasing the
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fracture toughness while GNP with surface modifications to the particle/matrix interfacial energy increase
Mode II toughness.

Significant study has also gone into the impacts of GNP addition on composite conductivity. In metals,
electrical and thermal conduction are modeled with the “Free Electron Model,” in which electrons are
assumed to behave like a gas of free particles, and the electrical conductivity of the material is determined
by collisions with the metal ions in the metal lattice. Collisions in this model are proportional to the mean
free path between metal ions, on the order of 0.04 um for a conductive metal such as copper [74]. The “Mean
Free Path Model,” is used to describe electron transport in graphene. In this model, the mean free path is the
average distance that an electron can travel before colliding with impurities, defects, or other scattering
mechanisms. The mean free path model provides a better description of electron transport in graphene
because it takes into account the effects of impurities and defects, which have a significant impact on electron
scattering in graphene [75,76] and because electrons in graphene are in the ballistic transport regime, which
occurs when the mean free path is larger than the particle dimensions. In this regime, electrons can travel
across the particle without significant scattering, resulting in a high conductivity [6]. This unique behavior is
owed to the shared electrons in the aromatic structure of the sp2 lattice of GNP with a mean free path of 100
um [55] or longer for pristine graphene [75,76]. Pristine graphene has a conductivity of up to 100 MS/m and
in macroscopic application graphene has shown conductivity of 70-80 MS/m [56]. More important for many
applications, the low density of graphene (0.3 g/cm?) results in a theoretical specific electrical conductivity
of 333.3 MS-cm’/g-m. When compared to copper, with a conductivity of 70 MS/m and a density of 8.93
g/cm?, or aluminum with a density of 2.69 g/cm® and conductivity of ~37 MS/m, graphene has a specific
electrical conductivity 50 times higher than copper and 23 times higher than aluminum [57]. Carbon

nanotubes offer substantially less potential for conductivity, with an electrical conductivity ranging from 0.1-
1.0 MS/m and a density of 1.4 g/cm’ [77], leading to specific electrical conductivities of 0.071-0.71

MS-cm?/g-m, substantially less than graphene, aluminum, and copper.

Thermal Conductivity (TC) describes the ability of a material to conduct heat which—for nonmetals—
is due to the transmission of phonons through the molecular lattice structure [78]. Phonons are quantized
units of lattice vibrations in a material that act as carriers in heat transport. TC of monolayer graphene has

been reported to be very large, up to 5300 W/m-°K at room temperature compared with diamond (2000
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W/m-°K) or copper (400 W/m-°K) [79]. As with EC, the high TC of graphene is a result of exceptionally
long mean free paths (although for phonon transport rather than electron transport) while TC of the
conventional metals is mainly given by free electrons [79]. The differences between EC and TC in GNP
enhanced composites relate to the difference between electron and phonon behavior. While electrons have a
tunneling potential through resistive epoxy [80], phonons behave acoustically and TC in a multicomponent
system can be impacted by phonon scattering at the interphase between composite constituents [81]. Polymer
materials are disordered on a molecular scale, resulting in strong phonon scattering at all temperatures and
low TC values for plastics. The phonon mean free path is approximately constant with temperature and as
such the TC is constant with increasing temperature [81]. However, in composite materials the TC is a result
of the combined thermal conductivities of the constituent components [9] and in the case of anisotropic fiber
composites, the TC will be likewise anisotropic [82]. While GNP have an exceptionally high theoretical TC,
low loading thresholds limit the potential effectiveness of graphene in polymer systems [9,83]. GNP are
superior to other carbon nanoparticles in enhancing TC in polymer systems because their large surface area
promotes efficient phonon transfer between the matrix and the nanoparticle [32].

GNP have shown significant improvements to the TC of epoxy composites, at both low and high
loadings. Yu, et al. in 2007 showed that a 5% (v/v) loading of graphene performed as well as 50-70% (v/v)
loadings of alumina or silica [31]. A 2020 study by Zhao, et al. with carbon fiber reinforced polyamide 4,6
have shown increases in thermal and electrical conductivity with GNP addition which have varied between
in-plane and through thickness measurements, owing to percolation between the GNP and the carbon fibers.
In plane thermal conductivity was increased 213% and through thickness conductivity was increased 526%
at 5% (w/w) loading of graphene, but at these loadings all measured mechanical properties were reduced
substantially [82]. GNP have increased the decomposition temperatures of thermoplastic materials, but the
effect is concentration dependent [84,85]. Garcia, et al. showed in 2021 that, at loadings up to 2% (wW/w),
GNP retard the decomposition of the polymer, preventing structural breakdown. Loadings of as little as 0.1%
(w/w) have increased the thermal stability of polypropylene by 13 °C [85]. Liu, et al showed that, at higher
loadings, GNP increase the thermal conductivity of the composite, accelerating thermal decomposition [33].
A study of graphene oxide in thermoset polyimide at loadings of 1-5% by Liu, et al. in 2012 showed

improvements in thermal stability due to the trapping of the polymer moieties in nano-filler networks.
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Improvements were optimized at 3% loading, with the temperature at 5% mass loss increasing from 480°C
to 530°C [86]. A 2018 Simulation of 7¢ by Singh and Sharma modeled epoxy resin and graphene fillers
functionalized with COOH and NH; functional groups using molecular dynamics and found increases of T¢
0of 40°C and 45°C, respectively, due to covalent bonding between functional groups and polymer chains [87].
Another study by Yu, et al. in 2016 found that a 1% loading of graphene oxide, functionalized with diamine
in a bisphenol epoxy improved 7 of the cured resin by 23°C due to an increase in crosslink density from
0.028 to 0.069 mol/cm?. The higher crosslink density also resulted in an increase in tensile strength from 87.4

MPa to 110.3 MPa at ambient temperatures, but higher temperatures were not studied [88].
2.1.3. Graphene Environmental Impact

One issue which has not been broadly discussed is the carbon emissions and environmental impact of
graphene production. The 2021 United Nations Intergovernmental Panel on Climate Change (IPCC) report
reaffirms that human-induced climate change is widespread and intensifying, with several trends likely
irreversible. The IPCC projections indicate that immediate, ambitious, and equally widespread reductions in
greenhouse emissions are necessary to limit global warming to the most optimistic 1.0°C—1.8°C increase in
average temperatures [89]. Graphene offers several opportunities for reducing carbon emissions in a wide
variety of production sectors, both by means of offsetting or replacing conventional material fillers or by
improving material performance to reduce the volume of materials which need to be produced. By way of
example, concrete is a widely used construction material and concrete production is one of the largest global
emitters of CO», at 8% of total emissions [90]. A cement composite produced with recycled aggregates along
with 0.2% w/w GO reduced the need for natural aggregates in the composite while increasing compressive
and flexural strength by 19.2% and 47.5%, respectively. The GO addition resulted in a reduction of CO,
emission in the lifecycle of the aggregate of 6.7%, and the increase in strength [91]. If GNP addition results
in a 5% reduction of Portland cement usage, the impact of the concrete mix on global warming can be reduced
by 21% [92]. Similarly, an analysis of emission in tire production found that the production of carbon black
made up the largest share of carbon emissions for tire production. Utilization of graphene to replace carbon
black can result in a reduction of CO, emissions of 23.46% [93]. However, in some applications there is
negligible benefit to GNP addition regarding lifecycle carbon emissions. In one study a 5.8% loading of

GNPs were added to an epoxy matrix for improvements to thermal conductivity. The thermal conductivity
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was increased from 0.2 W/m-°K to 1.0 W/m-°K, but the energy required to produce GNP added an additional
energy cost to the composite of 187 MJ, resulting in a total energy cost to produce of 303 MJ/kg-composite.
GNP addition in this case resulted in an increase of energy usage of 161% at a loading of 5.8% [12]. The low
loadings of graphene present substantial opportunities to reduce the greenhouse emissions when offsetting
other carbon intensive fillers, but the high energy cost of GNP production can still be a subject of concern.
The energy costs of sustainable, plant-based GNP are presented herein in contrast to conventional routes of
GNP manufacture.

GNP produced from mineral graphite or through chemical vapor deposition have a wide range of
environmental impacts depending on production methods. Production of carbon nanomaterials is often much
more energy intensive than the production of conventional materials, but lower loadings and substantial
system improvements often result in a net improvement of energy usage [13]. Mineral GNPs are produced
from mined graphite of a high grade, predominantly from Sri Lanka. Emissions rates for mining and
transportation are on the order of 0.05-0.5 kg-COy/kg graphite and are minimal when compared with the
impacts of GNP production. These values are included in one cited Life Cycle Assessment (LCA) [12] but
are neglected in others [13,14].

The chemical exfoliation of natural and synthetic graphite has several possible variations in process,
with the selection of acid and the amount of acid used having the largest impact [13]. Most routes are derived
from the Hummers Method, which oxidizes graphite in a strong acid to produce GO platelets which can be
used in their oxidized form or reduced to produce rGO [14]. Processes utilizing sulfuric acid have emissions
rates ranging from 46-280 kg-CO/kg-GO while processes using nitric acid have ranges from 107-110 kg-
CO,/kg-GO. Reduction of the GO to rGO increases CO> emissions and also varies by method. Chemical
reduction of GO using an agent such as hydrazine has a net emission value of 100 kg-CO»/kg-rGO. Thermal
reduction by heating the GO requires less energy but has a decrease in yield since some GO is lost in emitted
COa, the net emission value is 40 kg- CO,/kg-rGO [15]. When combined with production values, the range
of possible cradle-to-gate emissions values from 86-220 kg-CO»/kg-rGO. Commercial production using
renewable energy production could reduce these values to 44-79 kg-CO,/kg-rGO [5]. GO and rGO production
also presents several substantial environmental risks because of chemicals used in the process. Hydrazine has

a toxicological risk for humans and animals who are exposed to it [94]. NOx, which is produced in the
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oxidative exfoliation of graphene is also a significant concern for both human exposure and environmental
impact and sulfuric acid used in oxidation is a potential water contaminant [14].

Exfoliation of mineral graphite to produce graphene through ultrasonication utilizes high frequency,
sonic energy transmitted through a solvent to mechanically exfoliate GNPs. The energy utilization of ~500
MJ/kg is approximately half as much as for chemical exfoliation and could be reduced to as little as 70 MJ/kg
with the use of decarbonized electricity but the use of hazardous solvents such as diethyl ether have
significant impacts on health and environmental safety [15]. Thermal exfoliation of graphene involves
soaking graphite in sulfuric and nitric acid to form a sulfate-graphite intercalation. This intercalated material
is heated in stages, in a furnace and with microwaves to expand the graphite into GNP stacks which can be
separated by pulverization. Electrical usage for microwave heating makes up greater than 90% of the energy

usage and environmental impact [12].

2.2. GNP Composite Manufacturing

2.2.1. Nanofillers in Matrix/RTM Limitations

Despite promising early results, graphene remains difficult to implement. Graphene dispersion is
essential, as well as good graphene/polymer interaction, however graphene loading and particle interaction
can be too high, increasing agglomeration and reducing conductivity [8,95]. The resin flow in commonly
used Resin Transfer Molding (RTM) and Vacuum Assisted Resin Transfer Molding (VARTM) infusion
manufacturing processes can have detrimental effects of nanoparticle diffusion. Dispersion of nanoparticles
directly into resin prior to infusion has several drawbacks. First, the fiber reinforcement acts as a filter to the
nanoparticles as resin flows, creating regions of detrimentally high and low particle density [96]. Second—
even at small loadings—nanomaterials increase resin viscosity substantially, resulting in difficult processing
in RTM. When uniform nanoparticle distribution can be achieved, then noncritical regions as well as critical
regions are reinforced equally resulting in a higher than necessary cost [60].

Nanoparticle spray application onto fiber surfaces before resin infusion has been investigated. In 2013,
Shan, et al. incorporated sprayed multiwall carbon nanotubes (MWCNT) into a VARTM by spraying the
MWCNT directly onto a carbon fiber fabric and then spraying a high viscosity epoxy to adhere the MWCNT
to the fiber surface. Fracture strength was measured with and without the epoxy adhesive spray and it was

found that with MWCNT loading at 0.6% w/w, coupled with an adhesive spray, the fracture toughness was
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improved 24%. However, with MWCNT spray with resin integrated or MWCNT spray following a resin
spray, all mechanical properties were reduced due to MWCNT displacement and agglomeration during resin
infusion. Scanning electron microscopy (SEM) showed nanoparticle agglomeration in the MWCNT samples
where MWCNT, ethanol, and resin were sprayed together, and where MWCNT/ethanol were sprayed after
a resin coating, but not where MWCNT/ethanol were sprayed and followed with a resin spray. Miscibility
between the ethanol and resin was important to effectiveness of the spray sequence [97]. The migration of
nanoparticles during infusion and the subsequent filtration by fibrous media was detailed by Zhang, et al. in
2017. Two plies of woven E-glass twill were infused with an epoxy with well dispersed graphene particles
in a VARTM process with resin flow across the preform panels. Center line optical transmission was used to
demonstrate that, as distance from the infusion point increases, the likelihood of graphene particles being
filtered by the fiber preform increases, resulting in lower graphene loadings near the outlet. Similarly,
measurements of electrical conductivity show the same filtration effect. Near the resin infusion point
conductivities of 6-10 S/m are observed, but these decrease with increased distance from the infusion point

until no improvement in electrical properties is observed [96].
2.2.2. Spray Application

Spray application of GNP and other CNP has shown substantial promise in improving fracture toughness
in composites. In 2014, Almuhammadi, et al. measured the impact of functionalized multi-walled carbon
nanotubes (MWCNTSs) applied to a prepreg surface with respect to mode I fracture toughness, Gic. MWCNTSs
were applied at 0.5% w/w by spray application in an ethanol suspension. Ethanol was chosen over water,
acetone, and dichloromethane because of its high surface energy and low chemical interaction with the epoxy
matrix. A 17% increase in fracture toughness was observed and SEM imaging showed that the improvement
derived from the ability of the MWCNT to spread the damage through pullout, peeling and bridging of the
particles, as well as from crack displacement from the 10 um MWCNT rich region to MWCNT poor regions
of the matrix. This indicates that the MWCNT are not fully utilized as a reinforcing agent due to crack
displacement away from the reinforced regions [98]. A more dramatic improvement was obtained in 2015
by Zhang, et al. using a carbon nanotube (CNT)/methanol spray solution to deposit CNTs at 0.047% w/w
onto a 2x2 twill carbon fiber/epoxy prepreg. The resulting composite showed a Gic improvement of 50%

[37]. The highest MWCNT reinforcement was found 2012 by Joshi and Dikshit, where MWCNTSs were
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dispersed into an ethanol solution and sprayed onto woven carbon fiber/epoxy prepregs. The optimal loading
was found to be 1.32 g/m?, at which Gic was improved by 79% and Mode II fracture, Gyc, was improved by
140%. Higher loadings resulted in decreasing mechanical performance. Examination of the composites
showed that the MWCNTs moved during curing from the spray surface into the fiber reinforced region,
significantly increasing fiber bridging at optimal loading. Investigation of the surfaces with SEM showed
that at higher loadings, MWCNTs did not disperse into the matrix, agglomerating on the fracture surface [7].
In 2019 MWCNTs and GNP were compared by Liu, et al. Both were applied to unidirectional carbon fiber
prepregs with a [0°]3 stacking sequence at 1 g/m® using an acetone solvent. Gic values were improved 12.6%
for MWCNTs and 101.5% for GNP. SEM analysis showed that GNP perpendicular to the fracture surface
exhibit pullout from the matrix, resulting in a much higher Gic than neat or MWCNT reinforcement [29]. In
2021, Leow, et al, investigated the spray application of interlaminar GNP carbon fiber reinforced PEEK
composites to improve electrical conductivity for Lightning Strike Protection (LSP). Composites were
prepared by spraying a 1.5% w/w graphene-water suspension onto CF/PEEK tapes before sets of 9 plies were
molded to make test specimens. An interlaminar loading of 1.3% w/w GNP into CF-PEEK composites
resulted in in-plane and through thickness electrical conductivity enhancement both of 1100% and 67.5%

respectively [99].
2.3. Multifunctionality

Graphene has shown a very low percolation threshold for increasing conductivity in polymers [33]. A
0.38% loading of isocyanate treated graphene oxide in polyamide led to a conductivity increase of eight
orders of magnitude, along with increasing the strength of the film [100]. A 2019 investigation of the
anisotropic effects of GNP addition to carbon fiber reinforced plastic (CFRP) composites by Senis, et al.
showed variance between EC and TC depending on fiber direction. A 6.3% v/v loading of GNP provided a
63% increase in transverse EC, while providing an over 300% improvement in the through thickness
direction. Through thickness TC was reduced at low GNP loadings before improving by 8% at a 6.3% v/v
loading, while transverse TC showed moderate decreases in conductivity 0.3% loading [101]. Another 2019
study by Imran and Shivakumar investigated the through thickness EC and TC of GNP/CRFP composites
and showed improvements of 132% and 8% respectively [102]. Experiments by Senis, et al. in 2020 using

electric fields to orient GNP have shown that thermal and electrical conductivity is impacted by GNP
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orientation as well, with aligned GNP providing 300% and 27% improvements to through thickness electrical

and thermal conductivity as compared to 82% and 20% for unaligned GNP [48].
2.3.1. Lightning Strike Protection and EMI Shielding

Recently, researchers have begun exploring the potential of carbon nanomaterials for EMI shielding and
LSP. In 2017, Zhang, et al, produced a thin, flexible coating made of pristine graphene which was applied to
the surface of a CFRP laminate which was subjected to simulated lightning strike. It was found that the area
and volume of damage in the coated laminates was reduced by 94% and 96%, respectively, as compared to
untreated CRFP. Electromagnetic interference (EMI) shielding effectiveness was also measured and it was
found that the graphene treated composites had a 49% increase in EMI shielding effectiveness at 12—18 GHz.
The graphene film was made without binder, by filtering a solution of graphene flakes in water on a glass
fiber filter. The graphene film was placed as a base layer against the aluminum mold in which subsequent
prepreg layers were stacked. The graphene film had a conductivity of 2.14-10* S/m with thicknesses from
0.023-0.140 mm [103]. A similar, paper-based method was used by Han, et al., who prepared a carbon
nanotube paper and bonded it to the surface of CRFP using three different adhesive layers, a pure epoxy
adhesive layer, an insulating, boron nitride doped adhesive layer, and a conductive adhesive layer. The
optimized LSP coating was composed of ~70 um thick nanotube paper and ~200 um thick insulating
adhesive, which resulted in a weight reduction up to 30% compared to the commercial Cu LSP coating. In
addition, the thin nanotube layer did not provide sufficient EMI shielding to prevent damage to onboard
electronics as a result of EMI from lightning strike [104]. In 2018, Wang, et al. utilized a percolation assisted,
resin film infusion to deposit reduced graphene oxide (rGO) onto the surface of a CFRP composite. In this
method, filtration of GNP by fibrous media was utilized by sealing the fibrous preform using filter paper and
sealant tape to form a confined region that prevented the transmission of rGO from the fibrous preform while
also limiting the rGO flow along the thickness direction, causing rGO to accumulate on the CFRP surface.
Surface conductivity was increased to 4.4-10* S/m from- the untreated 1.6-10° S/m. as well as improving
thermal resistance, resulting in a substantial improvement for LSP as shown by post-strike mechanical
testing. Residual strength after the simulated strike, measured by 3-point flexural testing, was reduced 23%
in rGO treated composites, as opposed to 66% for the pristine sample [105]. This study is noteworthy as it

takes advantage of the nanoparticle filtering by the fibrous media which is limiting nanoparticle use in RTM
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applications.
2.3.2. Structural Health Monitoring

Structural health monitoring (SHM) is the practice of detecting and quantifying damage in structures at
an early stage as a means of preventing future, unexpected failure as well as reducing life cycle costs and
aiding design [106]. As composite materials are used in increasing amounts, SHM for composite parts and
systems becomes correspondingly more critical. Composite materials fail by complicated and interacting
damage methods as compared to metal parts, and damage detection in composite parts is more complicated
than in metal structures due to the anisotropy of the material, differences in matrix and fiber properties, and
the possibility of layers of the composite to hide damage from visual inspection. Several techniques for SHM
in composites have been investigated for in vivo health monitoring, primarily utilizing micro-scale
semiconductor sensors [107-110]. However, the use of traditional sensors has several distinct drawbacks;
the sensor must be local to the measured damage, installed sensors create discontinuity in the composite
which can become a focal point for damage propagation, and integrated-circuit sensors require wiring and
circuit boards in addition to their own construction, which adds complexity and weight to constructed parts.
The intrinsic conductive properties of composite materials may supersede traditional sensors for SHM
[35,111,112]. GNP is the leading candidate for advanced electronics because of its high carrier mobility and
large saturation velocity in conjunction with its strength and flexibility [6]. GNP piezoresistivity has recently
begun to be explored as a tool for SHM applications, in which small amounts of CNP additives are used to
increase the conductivity of otherwise nonconductive matrix materials. When subjected to strain, the network
of CNPs change conductivity, allowing for reversible in vivo strain measurement. Upon inception of
microscopic damage to the matrix, permanent changes to electrical conductivity act as damage detectors in
the composite. This has been shown with epoxy matrixes using fibers of CNT materials [113,114], as well
as with interlaminar layers [35] and in fused, thermoplastic joints [36].

An application by Zhang, et al. utilized the conductivity of CNT for SHM in 2014. A methanol spray
solution was used to deposit CNT at 0.047% w/w onto a 2x2 twill carbon fiber/epoxy prepreg. The resulting
composite showed a 50% improvement in fracture toughness. Treating the ends of the composite beams with
a silver loaded epoxy allowed for damage monitoring through changing resistance. CNT addition reduced

the initial composite beam resistivity from 1.430 Q to 0.984 Q, but as damage propagates through crack
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extension, the beam resistance increases, allowing for active measurement of damage to the composite. In
this application, very low CNM loading was chosen to prevent percolation and a high conductivity to
maintain SHM resolution [37]. Higher loadings would provide much higher conductivity and likely higher
mechanical reinforcement. In 2018, Kravchenko, et al. demonstrated the potential of a Buckypaper—formed
from CNT—applied by frictional rolling in creating a thin layer on impregnated unidirectional glass fiber
lamina. The sample exhibited reversible piezo-resistive behavior in the linear range of loading. When the
sample was loaded past the linear range, the resistivity showed an immediate and irreversible increase

corresponding to microscopic damage in the composite [35].
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CHAPTER 3

METHODOLOGY

This section describes the materials and methods for producing pGNP spray suspensions and
pGNP/CFRP composites as well as experimental methods used to characterize pGNP and pGNP treated
composites. High temperature testing was used to compare the performance of pGNP/CFRP composites at
elevated temperatures to compare with ambient performance as a means of gaining insight into pGNP
interaction with the polymer composite system. pGNP characterization of particle size, morphology, surface
functionality, and graphitization are necessary to compare the pGNP material used with other GNP in other
studies, as well as to fully understand the mechanisms of interaction with the polymer systems. Measurements
of particle loading, surface energy, and viscosity of the pGNP suspension inform the dispersion and
effectiveness of the interlaminar coating. Utilizing a broad range of mechanical, thermal, and electrical
characterization provides the necessary data to build an understanding of multiscale pGNP interactions with

the composite system and the multifunctionality of the produced composites.

3.1.Materials

Carbon fiber/epoxy prepreg was purchased from Rock West Composites. The unidirectional prepreg was
composed of a Toray T800S fiber (63% w/w) in an intermediate modulus epoxy with a 135 °C cure
temperature and Tg of 130 + 10 °C. Graphene nanoplatelets were provided by the Carbon Research and
Development Company in a 70 g/l suspension with water. Platelet thickness ranged from 3-20 layers (1-6
nm) with a lateral size from 300-1000 nm. The nanoplatelets contained both epoxide and carboxyl functional
groups.

GNP for suspension testing was supplied by Kanodia Minerals & Chemical Co, India. GNP from mineral
and synthetic graphite sources were supplied. Mineral graphene was specified at 94% fixed carbon, synthetic
graphene was specified at 98% fixed carbon. Both were delivered as a powder sieved to -325 mesh or <44
microns. The supplied volume of mineral and synthetic GNP was only sufficient for dispersion testing, not
interlaminar testing.

Sodium carboxymethyl cellulose was supplied by Sigma-Aldrich with an average molecular weight of

~250,000. Sodium dodecyl sulfate was supplied by Sigma-Aldrich at 98% purity.
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3.1.1. Spray Formulation

A GNP spray was formulated using a water/pGNP dispersion, diluted with isopropyl alcohol and with
carboxymethyl cellulose (CMC) and sodium dodecyl sulfate (SDS) as dispersion aides and viscosity
modifiers. The pGNP used in this work was delivered as a 70 g/l suspension in water. As will be shown in
detail in later chapters, water gives better pGNP loading in suspensions, but does not effectively wet the
prepreg surface or dry quickly enough to work effectively. Isopropyl Alcohol (IPA) provides excellent
surface wetting on the prepreg surface, as well as being highly volatile to promote fast, even drying but IPA
has poorer dispersion characteristics for the pGNP. The additive CMC was used to provide several benefits
to the pGNP spray formulation, principally as a binder to promote surface adhesion, while also improving
viscosity and surface tension. Likewise, SDS was added principally as an anionic surfactant, but it also
provides benefits to pGNP dispersion.

The 70 g/l pGNP water suspension was mixed thoroughly to ensure even particle distribution, and then
mixed in equal volume with 91% IPA. This was placed in a high shear mixed set to a low speed to provide
agitation. CMC and SLS were measured, targeting 1g/l and 5 g/l, respectively and mixed into the suspension
gradually to prevent clumping. The suspension was mixed in the high shear mixer at high speed for ten

minutes to fully integrate all the components.

3.1.2. Composite Fabrication with pGNP in Interlaminar Region by Spray

Deposition

CF/epoxy prepreg sheets were treated with pGNP by spraying the prepared suspension through an
airbrush onto the sheets by hand while controlling that distance between the airbrush and the prepreg sheet
was about 0.2 m. To coat CF/epoxy prepreg sheets with pGNP, an initial weight was taken before the sheets
were hung vertically. The pGNP spray suspension was applied using a Central Pneumatic 93506 airbrush
using even, overlapping passes as shown in Figure 2-a. Light coatings were used in order to ensure uniformity
and to prevent beading on the prepreg surface. Coatings higher than 1.1 g/m? were sprayed in multiple coats.
Application rates were estimated by volumetric flow rate during application, precise pGNP loading was
measured by weighing the sprayed sheets after sufficient drying. The coated surface (Figure 2-c) was slightly

less reflective than the uncoated surface (Figure 2-b).
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Figure 2. a) pGNP spray application; b) CF prepreg before spraying; c) CF prepreg with pGNP coating.

Coating uniformity was estimated using electrical resistance with a Cen-Tech p37772 digital multimeter,
taking an average of 5 points on dried surfaces, at least 10 minutes after spraying. Electrical conductivity
across the surface of the dry, uncured ply was measured using an ohmmeter with a resistance of 17 /mm,
spray with the GNP solution at 1.1 g/m? reduced this to 1.8-3 Q/mm. Further exploration of this is warranted.

Samples for curing temperature, electrical and thermal conductivity were produced by stacking total of
168 5 cm x 5 cm plies with [0°] orientation to a total thickness of 2.5 cm. Larger prepreg sheets were sprayed
before cutting into 5 cm x 5 cm plies and these plies were stacked with the pGNP sprayed surfaces laid

against the untreated, paper backed surfaces with backing removed, providing interlaminar pGNP layers
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between each ply. A thermocouple was placed between plies 84 and 85, in the center of the sample to measure

the heat reached internally.
3.2. Characterization

GNPs interface with polymers at both the molecular and macroscopic scale, resulting in
multifunctionality of GNP nanocomposites in terms of effective thermal-electrical, mechanical, and
viscoelastic properties and a broad selection of tests are required to fully characterize the complicated
interactions. To that goal, properties were considered through the prism of pGNP/epoxy interactions. X-ray
photoelectron spectroscopy gives a profile of pGNP structure and surface functionality, and TEM imaging
gives particle morphology. Raman spectroscopy was used to examine both graphene bond structure and the
impact of pGNP on molecular bond structure. Mechanical characterization included flexural testing,
interlaminar shear strength using short beam testing, and Mode I and Mode II fracture toughness testing at
ambient and elevated temperatures while thermo-mechanical characterization of viscoelastic properties was
done using Dynamic Mechanical Analysis (DMA). Fracture surface micrography was used to quantify
mechanisms of fracture toughness improvement. Investigation of thermal and electric conductivity indicates
electron and phonon transport through the composite, pointing to interaction between the pGNP and the
matrix. These methods present a comprehensive investigation of graphene induced improvements on
multifunctional properties of CFRP at ambient and elevated temperature.

3.2.1. Elevated Temperature Testing

A custom made heated, convective air chamber was utilized to perform Short Beam, Mode I, Mode 1I,
Thermal Conductivity, and Electrical Conductivity tests at elevated temperatures. The chamber, shown in
Figure 3, was constructed using 2.5 cm of insulation on all sides with a glass window to allow for observation

of tests. The internal dimensions were built to 40 cm x 40 cm x 60 cm.
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Figure 3. The convective heating chamber where high temperature testing was performed.

Temperature was measured using a single, k-type thermocouple installed with the junction near the test
location and controlled using a Yokogawa UT150 temperature controller. Heat was supplied through forced
air over a 1500-Watt resistive heating element. Load and displacement sensing elements were located out of
the heated chamber so as not to influence measurements. For tests at elevated temperature, beams were pre-
heated to 90°C for at least 30 minutes and held at 90°C through the duration of the test. This ensured that the
material was uniformly heated during crack extension. Duration of preheating was selected to reach the
thermal equilibrium inside of the chamber, which was confirmed with the thermocouples placed near the
sample.

3.2.2. Microscopy and Spectroscopy

Scanning Electron Microscopy (SEM) was performed using a Zeiss Supra Microscope with 30 pm

aperture and 5 kV accelerating voltage with a minimum of 200 individual particles measured to provide a
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statistically significant distribution of particle lateral size. The image analysis was carried out using SPIP™
(Version 6.7.9). The lateral size of each particle was determined by measuring the length (longest edge-to-
edge distance) and width (a perpendicular bisector of the length) of the particles and calculating the mean
value of the two. Transmission Electron Microscopy (TEM) was performed using an FEI Talos F200X with
0.16 nm resolution and 200 keV accelerating voltage.

X-ray photoelectron spectroscopy (XPS) was carried out in ultra-high vacuum using a Kratos Axis Ultra
DLD instrument. A monochromatic aluminum X-ray source was operated at 75 W (15 kV, 5 mA) emission.
Each analysis area was approximately 700 um % 300 pm, and the depth of information in XPS is less than 10
nm.

Raman spectroscopy is used to provide information on the bond structure of chemicals using the inelastic
scattering of photons from a monochromatic laser source. The energy shift in the scattered photons is
measured and is translated into a spectrum which provides information on the chemical bond structure of the
sample material. Raman spectra were taken using Horiba XploRA™ PLUS with a 532 nm laser source, 100x
magnification, and 600 g/mm grating. Data was collected in LabSpec6. Raman spectroscopy was used to

measure the impact of pGNP addition on the cured epoxy resin.
3.2.3. Viscosity Measurements

Viscosity of the pGNP suspensions was measured using an Anton Paar MCR 302 Rheometer with a
T-PTD 200 tribology cell and a 25 mm parallel plate testing head with a 1 mm test height at 25 °C. Viscosity
was measured across a range of shear rates, from 1-1000 s™! to examine both the impact of SDS and CMC
added to pGNP suspensions, and potential non-Newtonian behaviors of the suspension. Shear thinning is
preferable for spray formulations where low viscosity at high shear rates improves spraying performance
while low viscosity at lower shear rates prevents sagging of the sprayed surface and improves long term

suspension stability [63,64].



32

3.2.4. Contact Angle Measurements

Syringe

Drop
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Camera =
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Figure 4. Schematic of contact angle testing apparatus.

The wettability of a liquid on a surface—a measurement of surface energy between a liquid and a
surface—can be measured by the contact angle between a drop of liquid and the surface [115]. The contact
angle, CA, of pGNP suspensions on prepreg surfaces in this work was measured using the sessile drop
method, as shown in Figure 4. The prepreg was secured on a level surface and a high-resolution camera was
mounted directly perpendicular to the surface to capture the drop in profile. A syringe was used to dispense
droplets of 0.05ml. The droplet was expressed to the tip of the needle and then placed on the test surface
without letting the drop fall or splash. Images were collected 30-60 seconds after the drop was placed on the
surface. Suspensions were measured within 30 minutes after mixing on sheets of uncured prepreg. Images
were processed in ImageJ using the DropSnake measurement tool [116].

3.2.5. Temperature Evolution Inside of the Thick Composite

To observe the effects of thermal conductivity and changes to curing kinetics on the curing of large
composite members, composite samples were produced by stacking 168 plies with planar dimensions of 5
cm x 5 cm to a total thickness of 2.5 cm. The high thickness of the sample was used to provide a better

representation of the cure exotherm. A thermocouple was placed in the center of the sample at the location
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of the midplane of the layup, shown in Figure 5-a, b. This allows monitoring of the temperature evolution in
the middle of the laminate, where the highest temperature peak is expected to occur due to the heat transfer
and cure exotherm. These samples were cured under vacuum on a flat mold in a convection oven, without
additional pressure and were heated at a rate of 2.8 °C/min to 135 °C for 120 minutes, while internal

temperatures were logged.

Thermocouple

-

Figure 5. a) A thermocouple (junction indicated by the white arrow, leads visible in the lower right) placed in
the uncured composite, between plies 83 and 84, b) A 168 ply, 2.5 cm thick composite with thermocouple

inserted before curing.

3.2.6. Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) is a thermal analysis method for obtaining the cure kinetics
and degree of cure of a thermoset composite material and was used to measure the impact of interlaminar
pGNP on cure kinetics. For this test, two ply composite samples were produced from 13 cm x 13 cm sheets
of the prepreg, one pair was left untreated, and another pair of sheets were sprayed with pGNP at
approximately 2 g/m? and allowed to dry. Untreated sheets of prepreg were pressed into a two-ply composite.
The sprayed faces of pGNP treated plies were pressed together, giving a 4 g/m? interlaminar density. A 2.5
mmx2.5 mm specimen was cut from the center of each laminate and analyzed in a Shimadzu DSC-60A

apparatus using aluminum pans under nitrogen atmosphere with dynamic and isothermal heating against
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reference samples. For dynamic testing, the specimens were heated to 300 °C with a rate of 10 °C/min. For
isothermal testing, the specimens were heated to 135 °C and held for 120 minutes. Heat flow through the
sample was measured by the instrument under heating and logged and the cure of the composite is shown by
a characteristic curve which shows the region where the cure is exothermic.

The degree of cure, a, at time, ¢, is measured by comparing the heat of cure at temperature, AH;, as

defined by the integral of the rate of heat generation, dQ/dt, from 0 to ¢ as given by Equation 1:

AH, = f t (d—Q) dt 1)
0

To the total heat of cure, AHr to the total heat of reaction as given by the integral of dQ/dt from 0 to ¢, the

time required to complete the cure; as shown in Equation 2:

te dQ
AH, = (—) dt 2
: f - @
Such that:
_4H, -
*=1H,

3.2.7. Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) was used to measure the change in mechanical properties of the
pGNP/CFRP composite under continuous heating. DMA is useful in quantifying the glass transition
temperature, T, of a polymer composite and also quantifies changes to the storage modulus, £, and loss
modulus, £, of the composite. Measurements were taken using an Anton Paar MCR 702 MultiDrive with a
CTD 600 convective heater, and TPB20 three-point bending fixture. Samples were tested in a three-point

bending configuration with a temperature sweep from 20 °C to 250 °C, at a rate of 2 °C/min.
3.2.8. Flexural Testing

Composite beam samples were prepared within the guidelines of ASTM D790 using 26 plies of prepreg
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with a [0°] stacking sequence, with interlaminar pGNP addition between each ply. Composite beams were
cut from larger prepared plates. Five beams were tested for each condition.

Flexural modulus and strength were measured on an Ektron TS2000 universal testing apparatus in a
three-point bending fixture in accordance with ASTM D790. Beams, approximately 4 mm thick and 13 mm
wide, were measured across a 70mm span. The flexural modulus, E, is calculated by measuring the slope of

the stress over strain in the linear region of deformation, as shown in Equation 4:

_ 3R,
" 4bh

4

where P. is the critical load b is the beam width, and /% is the beam thickness. Flexural strength, oy, is

calculated using Equation 5:

3Pl

°f = 2bh2 )

where [ is the span length.
3.2.9. Short Beam Testing

Composite beam samples were prepared within the guidelines of ASTM D2344 using 26 plies of prepreg
with a [0°] stacking sequence, with interlaminar pGNP addition between each ply. Composite beams were
cut from larger prepared plates. Five beams were tested for each condition.

Interlaminar shear strength (ILSS) was measured on a Ektron TS2000 universal testing apparatus in a
three-point bending fixture following with ASTM D2344. Beams, approximately 4 mm thick and 13 mm

wide, were measured across a 35mm span. ILSS, given by F3y, is calculated by Equation 6:

3P,

Fp = —=
317 4bh

(6)

where P. is the critical load, b is the beam width, and % is the beam thickness.
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3.2.10. Mode I Fracture

Large composite panels were prepared within the guidelines of ASTM D5528 for Mode I Fracture by
stacking 26 plies of prepreg with a [0°] stacking sequence, resulting in a final panel approximately 4 mm
thick. Double cantilever beam (DCB) samples were cut from the cured panels on a bandsaw to the test
dimensions at a width of 20-25 mm. The edges of beams were painted with a white correctional fluid to
improve crack visibility, and markings were added to track crack growth to the nearest millimeter. Steel
hinges were glued to the ends of sample beams using a cyanoacrylate gel adhesive. Cyanoacrylate gel was
selected because the cyanoacrylate liquid and available two-part epoxy adhesives both failed under loading
at 90°C, while the gel adhesive maintained integrity at the test temperatures. Five DCB samples were tested

for each condition.

I piano

2h hinge

TN
|

Figure 6. a) Mode I DCB testing configuration, b) Mode I DCB test in operation.
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DCB tests for Mode 1 fracture were performed following the ASTM D5528 standard on an Ektron
TS2000 universal testing apparatus as shown in Figure 6. Mode I fracture toughness, Gic, was calculated
using the Compliance Calibration (CC) method following ASTM D5528-21. Alternate methods for
calculating Gic in ASTM D5528-21 include Modified beam Theory (MBT) and Modified Compliance
Calibration (MCC). MBT assumes a beam with no rotation at the reaction front and overestimates Gic and
MCC typically provides the highest Gic estimates with the greatest variability, and so CC was chosen as the
more consistent and conservative model. The test beam was loaded from the hinges until the crack front
propagated Smm, before unloading and repeating the loading/crack extension for eight cycles. A plot of log
(60+/P;) over log(a;) was generated from test data at each measured crack length and a line of best fit was
generated with a slope of n, ranging from 2.56-3.0 for the sampled beams. The compliance factor » was used

to calculate the interlaminar fracture toughness as shown in Equation 7:

_ nPé§
'™ 2ba

(7
where P is the load, ¢ is the load point displacement, b is the sample width, and « is the crack length at

fracture.
3.2.11. Mode Il Fracture

Mode II fracture was tested according to ASTM D7905 on the fractured Mode I test specimens. Five
beams were tested for each condition. Mode II interlaminar fracture toughness, Guc, was measured on a
three-point bending fixture following ASTM D7905 as shown in Figure 7. End notch flexure (ENF) beams
were set such that the crack tip was a fixed distance from one of the support rollers (ap)=20mm and a;=40mm)

and loaded at 0.5mm/min to approximately 50% of the estimated critical force (P.).
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Figure 7: a) Mode Il ENF testing configuration; b). Mode Il ENF testing in progress.

The ENF test has unstable crack propagation once the load reaches critical value of P.. A compliance

coefficient, m, is calculated according to the Equation §:

i

= A+ ma® ®

|

Mode II interlaminar fracture toughness, Gric, is given by Equation 9:

2,2
3mPzaj

Ge = ————2 9
11C 2b ()

where m is calculated from Equation 8, P. is the critical load, a, is the initial crack length (on average 30mm)
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and b is the beam width. The compliance value, m, varied depending on pGNP loading and temperature.
Untreated beams had m values of 0.023-0.040 at 20°C and 0.023-0.053 at 90°C while beams with 2.3 g/m?
pGNP m values of 0.018-0.019 at 20°C and 0.018-0.020 at 90°C.

3.2.12. Fracture Surface Micrography

In order to quantify roughness in the crack surface contributing to crack front elongation, a Leica DM6
optical microscope system was used. Images were taken with a 40x objective lens, and the surface height was
measured by using optical profilometry. Surface height data was collected with Leica LAS X Navigator

software.
3.2.13. Thermal Conductivity

Thermal conductivity was measured by placing the composite samples in between two Omega HFS-5
heat flux sensors sandwiched between plates of a heat flux apparatus as shown in Figure 8, with the test

apparatus inside the convective, heated air chamber.
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Figure 8: A profile of the thermal conductivity test apparatus.

The heated plate of the apparatus was heated with a thermoelectric heater under a constant 9V DC
providing a ~50°C differential between hot and cold faces. The cooled face was actively cooled with air in
the heated chamber at 30°C, 50°C, 70°C, and 90°C. Heat flux sensors were wired to an Omega HFS-DAQ
data logger and values were recorded to a log file. Thermally conductive paste, Omega OT-201-2, was used
between all contact faces. The measured heat flux was averaged between the two sensors and used to calculate
TC. Measurements in each sample were taken longitudinally, along the fiber length (ki:) and through the
thickness of the composite (kss). TC for the sample was calculated according to the heat flux equation,

Equation 10:

xQ
k=7 (10)

where £ is the TC of the sample in Watts per meter-Kelvin (W/(m-°K)), AT is the temperature differential
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across the sample in Kelvin (°K), x is the thickness in meters (m), and Q is the average heat flux across the

sample in Watts per square meter (W/m?).
3.2.14. Electrical Conductivity

Electrical measurements were performed on the same samples as were used in thermal conductivity tests.
Electrical resistance was measured using a Kelvin four-point measuring technique. This method uses separate
pairs of current-carrying and voltage-sensing electrodes, which is advantageous for the measurement of low
resistance values because separation of current and voltage electrodes eliminates the lead and contact
resistance from the measurement. Composite samples were polished and clamped between copper plates in
a fixture inside the heated chamber with a conductive paste at the interface, as shown in Figure 9. Current
was supplied with a TEKPower™ TP3005P Programable DC power supply and voltages was measured using
a Commercial Electric™ MAS830B digital multimeter across the sample. Measurements were taken at 30°C,
50°C, 70°C, and 90°C, longitudinally, along the fiber length (ki) and through the thickness of the composite
(kss). At each temperature, values were allowed to stabilize, indicating thermal homogeneity throughout the

sample.

l Current In

Copper Plate V+

I

Sample Conductive
Paste
I M T e A e T T Y
Copper Plate V-

Current Out

Figure 9. A profile of the four-point electrical conductivity test apparatus.

Current, /, is supplied at a constant value. Voltage, V, is measured across the sample. Resistance, R,

across the sample is calculated according to Ohms Law, Equation 11:
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R=V/1 €8y

Conductivity, x, is converted to conductivity in Equation 12:

K =— (12)

where x is the conductivity in siemens per meter (S/m), / is the width of the sample, and A4 is the cross-

sectional area of the sample in meters, m?
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CHAPTER 4

PLANT BASED GRAPHENE PROPERTIES

This chapter discusses the measured properties of the pGNP used in this study. GNP properties are key
to understanding the interactions which are responsible for a wide range of results achieved in utilizing GNP,
in this and other works. Factors—such as surface functionalization—which are responsible to a large degree
in effects like interfacial bonding with the matrix, are often overlooked [1,23,25-27,47—-49]. Nanoplatelets
from alternate sources to mineral graphene warrant additional description to validate that they are graphitic
and how they diverge from conventional GNP. Recent studies referencing plant based graphenes have
omitted this information and appear to be using milled hard carbons rather than graphitic carbons [117].

The large relative environmental impact of nanomaterial production warrants validation of the cradle-
to-gate life cycle assessment of pGNP. A cradle-to-gate assessment measures the carbon impact of a material
from its production to its delivery to a user, as opposed to cradle-to-gate assessment which includes product
lifecycle and the impacts of disposal. A cradle-to-gate assessment is warranted in this case because the impact
of GNP use is overwhelmingly in production and because the usage and disposal are largely unknown.

Raman spectroscopy was used to quantify graphitization of the GNP. Particle morphology was assessed
by electron microscopy, with lateral dimensions measured by SEM and thickness and layer count assessed
by TEM. The two methods were used because of the high asymmetry of GNP. Surface functionalization was

assessed using XPS. Results for these tests are compared to provide a cohesive description of the pGNP.
4.1. pGNP Production and Life Cycle Assessment

Plant based graphene nanoplatelets (pGNP) are produced by a proprietary and confidential
thermochemical process which converts the sp3 bonded hard carbons typical of charcoals [62] into sp2
bonded graphitic carbons. The materials in this study were produced from renewable pine wood sources,
similar particles have been produced from corn stover, lignosulfonates, and spent tea leaves. Because the
feedstock used is photosynthesized biomass, carbon dioxide released from thermal decomposition of the
biomass does not represent a net increase to atmospheric CO; levels. The pGNP produced from biomass
sources is solid carbon, removed from the atmosphere through photosynthesis and graphitization [118]. As a
result, one kg of pGNP at 93.3% carbon by mass is equivalent to 3.43 kg CO, equivalent sequestered from

the atmosphere. pGNP production involves several other points of CO, generation. The production process
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for pGNP production requires 1,002 MJ/kg of energy, the majority of which is used for process heating at
various stages. This is more energy than is required for chemical exfoliation of graphite, but less than thermal
exfoliation. This can be provided through natural gas combustion, electricity, or recovered gases from the
thermal decomposition of biomass. Natural gas combustion for the required energy would result in emissions

of 66 kg of CO; equivalent per kg pGNP.

85.4 kg CO,

Biomass 1 kg pGNP

Figure 10: Schematic representation of CO; flows during pGNP production.

The feedstock wood has an energy density of 19,080 kJ/kg [119], which provides 457 MJ/kg-pGNP
produced. When captured and utilized, this reduces energy requirements to 545 MJ/kg-pGNP and fossil
carbon emissions to 34.9 kg CO,/kg-pGNP, as shown in Figure 10. Utilization of renewable energy, either
from renewable electric generation or from onsite biomass combustion would result in no net CO, emissions

[118], giving a range of 0-34.9 kg CO,/kg-pGNP.

Table 1. Energy usage for various means of graphene production

Graphene production method Energy Usage (MJ/kg) Health and Environmental Risk
Chemical Reduction of 900-1000 [15] Medium-High [14]
Graphene-oxide
Ultrasonic Exfoliation of 70-500 [15] High [15]
Graphene
2000 [12] Low [12]

Thermal Exfoliation

0-545 [120] Low [120]
Thermal pGNP Conversion

As shown in Table 1, the energy usage for pGNP production using a combination of natural gas and
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recovered energy from the thermal decomposition of biomass is substantially lower than thermal exfoliation
and chemical reduction as routs for producing GNPs. The energy usage is comparable to that of ultrasonic

exfoliation of graphene. Further, the pGNP production process does not use hydrazine or concentrated acids

and does not produce hazardous byproducts.

4.2. pGNP Characterization

4.2.1. Raman Spectra

Graphene is identified in Raman spectroscopy by three characteristic peaks, referred to as the D, G, and
2D peak. The ratios between these peaks indicate the properties of the graphene measured. Using a 532 nm
laser, the D peak is at 1350 cm™!, the G peak is at 1580 cm™!, and the 2D peak is at 2700 cm™!. The 2D peak
in particular and the ratio of 2D/G identifies the extent of sp2 bonding in graphene which is absent in
amorphous carbons. Raman spectroscopy of pGNP, as shown in Figure 11, gives an average 2D/G ratio of
0.28 with a maximum of 0.68, showing a few-layer graphene of 3 or more layers [121,122]. A Raman spectra
of an amorphous wood carbon—produced from the same feedstock as pGNP and carbonized though heating

under an inert atmosphere—is given as a contrast. The 2D peak is entirely absent in the wood carbon sample,

showing typical sp3 bond structure with no sp3 aromatic structure.
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Figure 11: Raman spectra pGNP and a pyrolytic wood charcoal.

The D/G ratio measures the degree of disorder of the flakes, along with surface functionality and the



46

edge properties of graphene. An average D/G ratio of 0.80 for pGNP ratio shows a highly disordered sample
[121], which is to be expected from a non-graphite derived material and which corresponds with XPS data
later in this chapter showing surface functionality. A D/G of >1.0, as shown in the wood charcoal sample, is
indicative of an amorphous, hard carbon with sp3 bonding.

4.2.2. SEM

SEM imaging, as shown in Figure 12 was used to give a profile of the lateral dimensions of pGNP
particles. 421 particles measured gave a range of lateral dimensions from 70-1200 nm with a median lateral

size of 240 = 100nm.
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Figure 12: Lateral size survey of pGNP platelets from SEM scan.

The morphology of pGNP is shown in TEM scanning images, as compared to mineral graphene platelets

in Figure 13.
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Figure 13: a) SEM scan of pGNP plateletss; b) SEM scan of mineral derived graphene platelets.

Mineral GNP shows larger lateral dimensions and a morphology typical of exfoliated graphite. pGNP
by contrast is composed of stacked clusters of graphene platelets more typical of graphenes developed by

CVD.

4.2.3. TEM

TEM imaging, as shown in Figure 14 shows stacked, multilayer graphene crystals with an interlaminar
spacing of 0.345 nm. The interlaminar spacing is slightly larger than the 0.335 nm spacing typical of mineral
graphene. The multi-crystal morphology is more similar to graphene crystals prepared by chemical vapor

deposition than exfoliated mineral graphene.
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100/nm?

Figure 14: TEM scan pGNP nanoclusters, showing overlapping platelets at layer counts of 4-10.

Interlaminar spacing is 0.345 nm.

TEM provides more resolution on the pGNP morphology shown in SEM. Here, the structure of
overlapping, stacked nanoplatelets is clearly visible. A survey of the layer counts in the nanoplatelets shows

arange of layers from 3-10.
4.2.4. XPS

X-ray photoelectron spectroscopy, as shown in Figure 15, indicates §7.0% carbon, 10.3% oxygen, 1.4%
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nitrogen, and 1.3% other elements from wood ash. The structure of the carbon bonds on the powder surface
showed 49.82 % sp2 graphitic/graphene bonding, 36.34% graphene-oxide/epoxide groups (C-O-C) and
13.83% carboxyl groups (O-C=0). Surface C:O ratio is 8.45:1, overall C:O ratio is >15:1, indicating that the

majority of oxygen is located in surface functional groups.
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Figure 15: XPS analysis of surface scans show 49.82% sp2 (graphitic carbon), 36.34% C-O-C

(graphene oxide/epoxide), and 13.83% O-C=0 (carboxyl group).

4.3.Discussion

Analysis from TEM, Raman spectroscopy, and XPS gives a consistent description of pGNP
nanoplatelets. The high D:G ratio shown in the Raman spectra could be interpreted to indicate a significant
degree of amorphous impurities, which would indicate incomplete graphitization. However, XPS shows a
combination of sp2 graphitic/graphene bonding, epoxide groups, and carboxyl groups. The surface C:O ratio
is much higher than the bulk C:O. This indicates virtually total graphitization of the biomass carbon without
measurable amorphous impurities. TEM shows stacked, multilayer graphene crystals with a morphology
more similar to graphene crystals prepared by chemical vapor deposition than exfoliated mineral graphene.
The interlaminar spacing of 0.345 nm is slightly larger than the 0.335 nm spacing typical of mineral graphene,
but this is consistent with the degree of surface functionalization observed with XPS. When interpreted with
XPS and TEM results, the high D:G ratio can be attributed to a combination of the disordered, turbostratic
structure of the particles along with the surface functionalization. It is important to observe that guides for

characterization of graphenes using a single method, such as Raman, make assumptions based on
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characterizations of mineral graphenes and would not account for the turbostratic structure or surface
functionality of the plant-derived material [121-123].

Biomass feedstocks typically carbonize into amorphous, hard carbons [62] which are typically of a
micron scale or greater and which do not have the high aspect ratio or aromatic bonding which gives graphene
its properties. pGNP has all of the same properties which make mineral and CDV graphenes desirable, as
well as having a morphology and functionality which are useful to applications in thermoset polymers. The
biomass derived pGNP contains a higher number of SFGs as compared to mineral graphite which increase
interaction with simple solvents such as water, alcohol, and acetone—as will be shown in the next chapter—
resulting in a GNP which can be more easily utilized in simple applications such as spray coating. Further—
as will be shown in Chapter 6—epoxide functional groups offer opportunities for crosslinking in a
thermoplastic matrix.

Graphene production from mined graphite requires high purity, lump graphite with limited sources. In
addition, there are several environmental concerns with mineral graphene production due to hazardous
materials in wastewater [94]. The use of a biomass feedstock provides a renewable feedstock with
opportunities for dramatic reductions in carbon emissions. Graphene use has been shown to have potential to
reduce lifecycle carbon emissions in application where small amounts of GNP replace large volumes of
conventional fillers, but the high energy cost of mineral GNP production can lead to situations where GNP
addition increases the carbon impact of parts, especially where the GNP is not replacing another filler. The
low energy cost of pGNP production and the lack of hazardous chemicals in the process creates a significant

opportunity for capturing the benefits of nanomaterial addition without the environmental costs.
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CHAPTER 5

SPRAY FORMULATION

This chapter discusses the measured properties of the pGNP spray formulations produced and the
selection of the formulation used in this study. A wide range of solvents are available for the base of the
suspension, with several properties that must be considered including cost, polarity, interactions with the
prepreg, health and safety. Water is the default choice since it is the lowest cost and most broadly available
when compared to other solvents. Alcohol is widely used for the spray application of GNP [7,97,98], as well
as acetone to a lesser extent [29], owing to their wide availability, relative inertness, and low cost. Acetone
is soluble with epoxy resins, and can degrade the resin quality, and so was omitted from evaluation with
prepreg substrate. Exotic solvents such as n-methyl-2-pyrrolidone (NMP) and dimethyl sulfoxide (DMSO)
are frequently used due to their ability to hold higher loadings of GNP in suspension [1] but have significant
drawbacks. DMSO and NMP are significantly more expensive as compared to water and alcohol. DMSO has
a low volatility and can interact with a wide range of chemicals, including epoxy resins and crosslinkers
[124,125]. NMP is highly volatile but has significant environmental health and safety risks that limit its use
in many applications [126]. Other additives, shown in Figure 16, can be beneficial in formulating a
suspension. Carboxymethyl cellulose (CMC) is a widely used as viscosity modifier used to stabilize
emulsions, and as a binder. Sodium dodecyl sulfate (SDS) is an anionic surfactant which is the sodium salt
of a 12-carbon tail group combined with a polar organosulfate headgroup. The alkyl chain lays along the
pGNP surface while the polar head interacts with the solvent, improving dispersion in polar solvents [127].
CMC and SDS are both plant derived and have been shown to provide benefits to pGNP dispersion [128—

130].
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Figure 16: Diagrams of; a) Carboxymethyl cellulose (CMC) and b) Sodium dodecyl sulfate (SDS).

To examine the dispersion characteristics and determine a functional spray composition, several
mixtures were formulated. The supplied 70 g/l pGNP dispersion was diluted with an equal volume of either
DI water or 91% IPA. pGNP/91% IPA dispersions were produced by direct exfoliation of pGNP into the
solvents using a high shear mixer for thirty minutes. As a reference, suspensions were also produced with
GNP supplied by Kanodia Minerals & Chemical Co, India. GNP from mineral and synthetic graphite sources
were supplied. In sets of 50 ml tubes, each pGNP solvent mix was blended with 0.047g CMC, 0.220g of
SDS, both 0.047g CMC and 0.220g of SDS, or neither. All samples were blended on a high shear mixer for
ten minutes to thoroughly mix all components. mineral graphene was used as a baseline material to compare
dispersion.

5.1. Dispersion

A dispersion, in the context of this dissertation, refers to solid particles suspended in a continuous liquid
phase. Because the particles are between 1 nm and 1 pm, the dispersion may be considered a colloidal
suspension [131]. Dispersion is important for GNP application for two reasons. First, Spray application
requires that a significant mass of GNP be suspended in the solvent and that the suspension be stable for a
long enough time that the suspension be usable. Second, in order to apply GNP evenly through a composite
it is critical that the nanomaterial not be agglomerated, otherwise exceptionally high energy methods are
required to redisperse the GNP. The stability of a dispersion requires that the energy barrier to aggregation

be large enough that Brownian motion of the particles in suspension be sufficient to maintain it. Because the
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energy of a colloidal system is determined by the interfacial area and tension and because the theoretical
surface area of monolayer graphene is ~2590 m?/g, graphene is exceptionally difficult to disperse in polar
solvents [1]. SFGs provide a pathway to increasing the energy barriers to agglomeration, as do dispersion
aides [1]. To quantify the dispersibility of pGNP and means to engineer stable suspensions, pGNP was
compared to Mineral Graphene (MG) and Synthetic Graphene (SG), examined in water and alcohol solvents,
and tested with plant-based dispersion aides. The mass of dispersed solids was measured after 48 hours of
settling time by drying a volume of the suspension and measuring the remaining solid matter.

5.1.1. pGNP vs. Graphene

PGNP was compared to mineral graphene (MG) and Synthetic Graphene (SG) in dispersions of DI water
and IPA, as shown in Table 2. MG was only measured in trace amounts in water and IPA after 48 hours,
while SG was dispersed at 0.24 g/l in water and only trace amounts in IPA. pGNP was substantially more
dispersible in both at 0.4 g/l in water and 0.13 g/l in IPA. This is attributed to the polar epoxide and carboxyl
functional groups on the pGNP surface and corresponds with increased dispersibility from GNP with similar

functionality [1].

Table 2. Dispersibility, of pGNP, MG, and SG in water and 91% IPA.

DI Water
91% IPA (g/l)
g/l
pGNP 0.4 0.13
MG 0.01 0.01
SG 0.24 0.01

5.1.2. Solvents and Additives

pGNP was dispersed in suspensions of DI water, 91% IPA, and 45% IPA (a 50% blend of DI water and
91%IPA). CMC and SDS were tested for their impacts to dispersion at 2 g/l and 5 g/1, respectively. Sample
suspensions after 48 hours of settling are shown in Figure 17, with the results of the settling test given in

Table 3.
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Table 3. Dispersibility of pGNP in water and 45% IPA with CMC and SDS additives.

DI Water 45% IPA
91% IPA (g/)
(@) (@)
pGNP 0.4 0.13 0.4
+CMC 3.31 0.09 5.05
+SDS 2.50 0.53 5.61
+CMC+SDS 5.60 0.48 4.68

Figure 17: pGNP+CMC+SDS dispersions after 48 hours resting. A) in DI water; b) in 91% IPA, and; c)
In 45% IPA. The opaque black color in the left and right samples indicates a much higher pGNP

dispersion.

Higher loadings of CMC had a negative impact on suspension viscosity, and higher loadings of SDS
caused foaming during mixing. The same suspensions were measured for surface energy and viscosity.
Addition of dispersion modifiers increases pGNP dispersibility by an order of magnitude, as shown in Table
3. The highest dispersion of 5.61 g/l is given by 45% IPA with SLS, followed closely by DI water with CMC
and SDS at 5.60 g/l. pGNP/IPA exhibited very poor dispersion of pGNP and were deemed unsuitable for

further exploration.
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5.2.Surface Energy

The contact angle, CA, was measured shortly after mixing on a sheet of uncured prepreg using the sessile
drop method, as shown in Figure 18. High contact angles represent the highest surface energy and best
wetting of the surface which is important to distributing pGNP uniformly. As shown in Table 4, the
pGNP/IPA dispersion exhibited the best surface wetting, with a 180° contact angle. pGNP/Water produced
the lowest contact angle at 123.4°. pGNP with CMC and SDS in 45% IPA provided intermediate surface

wetting with a contact angle of 152.9°.

Table 14. Contact angles (CA) of pGNP in water, 91% IPA, and 45% IPA with CMC and SDS additives.

DI
91% IPA | 45% IPA
Water
pGNP 117.3° 180.0° 144.8°
+CMC 119.0° 156.1° 156.2°
+SDS 116.4° 158.4° 152.9°
+CMC+SDS 123.8° 162.3° 152.9°

Figure 18: Contact angle measurements for pGNP in DI water at 117° and pGNP in 45% IPA with CMC

and SDS at 153°.

The impact of CMC and SDS is dependent on the solvent. In 91% alcohol, both additives reduced wetting
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through increases in viscosity and surface tension. In DI water and 45% IPA, CMC and SDS increased surface

wetting over the base solvent.
5.3.Viscosity

The viscosity measurements of DI Water and 45% IPA pGNP suspensions are detailed in Table 5, below.
Other solvents were determined not to have sufficient dispersibility of pGNP to be viable as spray
suspensions. The 45% IPA, pGNP mixture shows a higher viscosity than water. CMC addition increases the
mixture slightly in all cases, while SDS addition increases viscosity dramatically in water but trivially in IPA

solutions.

Table 5. Viscosity of pGNP suspensions in water and 45% IPA with CMC and SDS additives.

DI Water, 45% IPA,

n [mPa-s] n [mPa-s]
pGNP 2.08940.991 4.22340.943
+CMC 2.206%0.0.166 5.263+0.983
+SDS 17.093£34.250 4.148+£1.135
+CMC+SDS 1.91840.204 6.155£3.278

The viscosity profiles for the 45% IPA suspensions are shown in Figure 19. All suspensions show shear
thinning with increasing shear rates, with the CMC containing suspensions showing this to a much greater
extent. In the 45% IPA, the CMC and CMC+SDS suspensions increase viscosity at 1 s™! to 516 and 267
mPa-s, respectively from 17 mPa-s in the suspension with no additives. These viscosity profiles are well
suited to a spray mixture. Low viscosity at high shear rates improves spray performance of the suspension
because it requires less energy and produces a finer spray, where a high viscosity at low shear rates prevents
dripping and sagging during drying and reduces the settling of particles over time [63,64]. The addition of
CMC to the suspension provided the greatest improvement to low shear viscosity, without negatively
impacting viscosity at high shear rates. The lack of viscosity improvements with SDS in alcohol are not
surprising, since SDS is a salt and IPA is much less polar than water [132]. As a surfactant, SDS reduced

the surface tension of the liquid in the suspension, and the tension at the graphene/liquid interface which
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improved nanoparticle wetting and particle suspension [133].

The increase in low shear rate viscosity with CMC addition is expected and provides the combined
benefits of improving spray performance (as discussed earlier), nanoparticle suspension, and improvements
in surface wetting. The high viscosity at low shear rates helps to keep nanoparticles from settling which is a
key element in dispersing particles. The CMC addition was most effective in the 45% water/IPA mixture as
well, with an increase in suspended solids from 0.40 g/l to 5.05 g/l. CMC addition increased viscosity at 1 s
! shear rate from 17.1 mPa-s to 516.4 mPa-s. The combined particle dispersion with CMC and SLS was
reduced slightly in the water/alcohol mixture from CMC or SDS alone, but the overall combination of

properties of the suspension was optimized using CMC and SDS in the 45% water/IPA mixture.
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Figure 19: The viscosity of 45% IPA suspensions measured at shear rates of 1-1000 s™ show moderate

shear thinning for the neat and SDS mixture, but more dramatic shear thinning for the CMC and

CMC+SDS suspensions.
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5.4.Test Spraying

Figure 20: DI water-based suspension (left) leaves an inconsistent, spotty coating. 45% IPA-based

suspension (right) leaves a uniform coating.

DI Water and 45% IPA pGNP suspensions were sprayed onto CF-prepreg panels to observe the spraying
and drying behavior, the results are shown in Figure 20. The low surface energy and poor wetting behavior
of the water-borne pGNP suspension leads to beading of the spray on the prepreg surface. The beading effect,
coupled with a low drying time, leads to an inconsistent pGNP coating, with visible regions of high particle
density interspersed with regions of low density.

5.5.Discussion

The pGNP spray solution was prepared by combining 220 ml of 70 g/l graphene/water slurry with 1.8513
g of SDS, 0.3846 g of CMC, and 217 ml of 91% IPA and mixing until the SDS and CMC were thoroughly
dissolved. This suspension provided the best balance of dispersion at 4.68 g/1, a contact angle of 152.9°, 1 s
! viscosity of 267 mPa-s and 1000 s! viscosity of 5.9 mPa-s.

The selected suspension did not have the highest suspension, surface wetting, or best viscosity but it
gave the best blend of these properties. Water offers higher dispersion of pGNP than alcohol and can be a
preferred choice over other solvents because of its ease of use and availability has a much lower surface

energy on the epoxy matrix as compared to IPA. IPA provides excellent surface wetting on the prepreg
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surface, as well as being highly volatile to promote fast, even drying but it has poorer dispersion
characteristics for the pGNP. A mixture of 45% IPA and 55% water offers an effective balance of
dispersibility and surface wetting. Other solvents could provide better properties but at a higher cost and with
prohibitive environmental hazards [1]. pGNP was shown to be more dispersible than MG and SG in the
solvents tested due to the polar epoxy and carboxyl functional groups.

Use of plant-based dispersion aids further improved suspension performance. CMC was used as a
dispersion aide while improving viscosity and surface tension. CMC addition increases the suspension
viscosity at low shear rates by 30x without substantially increasing high shear viscosity. High viscosity at
low shear rates prevents dripping and sagging during drying and reduces the settling of particles over time
which was observed by the increased to pGNP suspension with CMC addition. Low viscosity at high shear
rates requires less energy to spray and produces a finer atomization [63,64], the increase in high shear
viscosity with CMC addition is not significant, but at higher loadings it would become detrimental. SDS was
added as a dispersion aide and anionic surfactant. SDS reduces the surface tension between pGNP and the
polar solvent, which improves interface between the particles and the liquid. This effect is most striking in
the 45% water/IPA mixture where suspended solids are increased from 0.40 g/l for water/IPA alone to 5.61
g/l with SDS addition.

Spray testing showed that the engineered suspension provided a means for even, low level pGNP
interlaminar application as compared to a simple water spray which created a spotty, uneven coating. The
suspension discussed in this chapter was engineered for use with an epoxy composite system. Other
composite systems would require similar engineering to match pGNP properties with solvents and dispersion

aides which will work together constructively for the target material system.
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CHAPTER 6

CURING KENETICS

This chapter discusses the results of investigation on the curing kinetics of pGNP/CFRP. Work in
Chapter 4 shows pGNP to be distinct from exfoliated mineral GNP in functionality due to the presence of
carboxyl and epoxy functional groups which can interact with the thermoset system during curing.
Additionally, work studying the thermal conductivity of GNP has shown both increases due to the high
thermal conductivity of GNP [48,102] and decreases due to particle agglomeration and poor particle/matrix
interaction [8]. A substantial increase or decrease in the temperature of cured composite parts presents an
important design consideration for pGNP/CFRP, as does a substantial change in the curing time. Because
multiple interactions can potentially affect the curing kinetics, multiple methods are used for characterization.
DSC was used to measure the heat flux in pGNP composites as compared to neat composites as an indication
of the rates of curing reactions. Raman Spectroscopy was used to measure the cured bond structure to quantify
the impact of pGNP addition on the bond structure of the cured composite. Finally, because temperature
evolution in the center of thick parts is a product of through thickness conductivity and heat of reaction, tests

were performed measuring the temperature in the center of thick composite sections.
6.1.Differential Scanning Calorimetry

DSC exotherms of the treated and untreated composites in dynamic heating are shown Figure 21-a. The
peak heat flow is slightly lower in the pGNP sprayed composite, 1.70 mW/mg vs. 1.84 mW/mg, but the time
of reaction is extended for the pGNP sprayed composite. The total heat to cure is almost identical in both
cases: 114 J/g for the pGNP/CRFP vs. 112 J/g for the neat CRFP. The exotherm for pGNP treated composite
has a distinctive shoulder at higher temperatures, indicating changes to the cure kinetics due to the presence
of pGNP. The degree of cure for the treated and untreated composites are shown in Figure 21-b. The degree
of cure in pGNP/CFRP initiates at lower temperature, 110°C vs 126°C in neat CFRP, and completes at a

higher temperature, 259 °C vs 218 °C in neat CRFP.
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Figure 21: a) Exotherm profiles of curing pGNP/CRFP and neat CRFP under dynamic heating; b) The degree

of cure with heating of pGNP/CRFP as compared to neat CRFP.

Isothermal DSC exotherms are shown in Figure 22-a and degree of cure is shown in Figure 22-b. As
with dynamic heating, the peak heat flow is lower in the pGNP treated composite, 0.60 mW/mg vs. 0.71
mW/mg for neat CRFP. The time of reaction is extended for the pGNP sprayed composite, 78 minutes vs 64
for neat CRFP. Similar to the dynamic test, the total heat to cure is unaffected by pGNP: it is 117 J/g for the

pGNP/CRFP vs. 120 J/g for the neat CRFP.
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Figure 22: a) Exotherm profiles of curing pGNP/CRFP and neat CRFP under isothermal heating at 135 °C;

b) The degree of cure over time of pGNP/CRFP as compared to neat CRFP.

6.2.Raman Spectroscopy

The Raman spectra of an epoxy loaded with pGNP is shown in Figure 23. Peaks from 750-950 cm™

show C-O-C bonds, from 600-1300 cm™ show aliphatic C-C vibrations, in-plane vibrations of CH2 bonds

are shown between 1400-1470 cm™, while peaks from 1500-1660 cm™ show stretching in C=C bonds, and

from 2800-3000 cm™' show stretching in CH2 and CH3 bonds. The peak at ~2330 cm™ is due to atmospheric

Na [52,53].
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Figure 23: Raman spectra of neat epoxy and pGNP treated epoxy.

The pGNP treated composite shows a clear impact to the resin structure with impacts shown in variations
of wave shift intensity at several bands. Increases to intensity at 735 cm™ and 930 cm™ shows an increase in
stretching of epoxide bonds and increases at 1185 cm™ shows an increase in stretching of C-C bonds. Strong
reductions are observed at 1300, 1460, and 2900 cm™ which correspond to reduction in vibrations of CH2
twisting, CH2 bending, and CH2/CH3 stretching, respectively [54]. The peak shape in the 2800-3000 cm™
region has a substantially different shape with pGNP addition, showing two smaller peaks at 2880 cm™ and
2932 cm™! which correspond to the symmetric stretching of CH3 and asymmetrical stretching of CH2 groups,
respectively [55]. This indicates that while aliphatic vibrations are reduced, some groups retain more freedom
than others. Reductions in intensity at 1607 cm™ correspond to reductions in vibration in C=C stretching.
Other peaks have similar relative height, as well as baseline values between peaks which shows a similar
overall intensity between samples. Taken as a whole, pGNP addition results in a stretching of polymer chains
with a reduction of vibrations in branched groups, particularly CH2 and CH3 groups. Characteristic peaks
for graphene at 1350, 1600, and 2700 cm™ [56] are not noticeable due to the low concentration of pGNP in
the sample. Studies with graphene oxide have shown beneficial interactions with hydroxyl groups (also
shown in pGNP with XPS) bonding with epoxy matrix, providing a significant increase in interfacial
interactions [28,29].

6.3. Temperature Evolution Inside of the Thick Composite

The recorded temperature evolution is a product of both through-thickness conductivity and heat of
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reaction. DSC testing shows a lower peak heat of reaction with pGNP which would indicate a lower peak
temperature during curing while K33 was lowered with pGNP addition (as shown in Chapter 7), indicating a
higher peak temperature. The temperature evolution was measured to evaluate how the peak temperature in
a thick section will change with interlaminar pGNP. The temperature profiles of pGNP treated composites
show an increase to the maximum temperature reached during curing with increasing pGNP loading, as
shown in Figure 24-a. Peak temperatures are given in Table 6. A negligible difference in internal curing
temperature was observed at 1.1 g/m? loading, after which the internal temperature rose substantially with

increased loadings to a total of 9.3 °C at 4.2 g/m>.

Table 6. Maximum curing temperature of pGNP treated composites.

Maximum Duration of
Coating density Resin mass temperature, Tyax exotherm peak, tex,
Loading g/m’ fraction % (°C) (min)
0.0 g/m? 0 0.0% 185.84 40
1.1 g/m? 1.1 1.3% 186.35 41
2.8 g/m? 2.8 3.3% 191.36 46
4.4 g/m? 4.2 4.9% 195.16 47

This corresponds with the specific gravity of the cured composites, shown in Table 7. There was no
increase in void volume at 1.1 g/m? loading, but 4.2 g/m? loadings produced a void fraction of 0.08. Similar
void formation has been shown in other work [102]. This void formation is connected to reductions in thermal
and electrical conductivity, as well as flexural modulus, which has not been investigated as a mechanism in

studies with comparable results [101].



Table 7. Specific gravity and void fraction of composites

Loading g/ml Void Fraction
0.0 g/m? 1.443%0.051 0.000
1.1 g/m? 1.470%0.017 0.000
2.8 g/m’ 1.340%0.017 0.077
4.4 g/m? 1.33720.040 0.080
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There is also a slight delaying of the exothermic cycle with increased loading and a decreased exotherm

with increasing pGNP content, visible from the time versus temperature profile. As the loading increased,

the duration of the period in which core temperature exceeded oven temperature increased from 40 min for

the neat sample to 41 min for 1.1 g/m? 46 min for 2.8 g/m? and 47 min for 4.2 g/m? loadings, as shown in

Figure 24-b. This corresponds with isothermal DSC results (shown in Figure 22) which show a similar

delaying and elongation of the exothermic cycle with interlaminar pGNP. The lower heat flow peak in pGNP

composites from DSC is opposite to the higher temperature peak which was observed during the thick

laminate cure. These results show the combined impact on curing temperature from change to curing kinetics

and void formation, both of which result from chemical interaction between the pGNP and the resin system.
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Figure 24: a) Exotherm profiles of curing composite blocks at various graphene loadings, with the oven air

temp as a reference; b) Details of the exotherm duration and peak temperature are shown.

6.4. Discussion

Isothermal and dynamic DSC both show that pGNP addition reduces the peak heat flow and extends
the curing time of the composite. This behavior is the first confirmation of a chemical interaction between
pGNP and the epoxy matrix which is confirmed with Raman spectroscopy of the cured pGNP/composite
system. The degree to which this is a result of energy going into crosslinking with SFGs as compared to

energy in crosslinking reactions mediated by pGNP is a subject for further study. The changes in peak
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heights and positions in Raman Spectroscopy show significant interaction between pGNP and the epoxy
matrix, particularly around showing stretching of backbone aliphatic carbon chains in the polymer and
reduction of vibration of branched side-chain groups.

The reduction in peak heat flow—shown by DSC—would suggest that peak cure temperatures would be
reduced by pGNP, however the peak curing temperature increased with pGNP loading as a result of higher
void content. Increased pGNP loading did increase the exotherm duration, which corresponds with the longer
exotherm shown in DSC. XPS and SEM in Chapter 4 show that pGNP is distinct from exfoliated mineral
GNP in morphology and functionality. The presence of carboxyl and epoxy functional groups contribute to
crosslinking and reenforcing of resin as shown in every test performed. The interaction between pGNP and
resin curing is given further attention in Chapter 7, as it plays a role in improved pGNP/epoxy material
properties. The relation between phenomenon in curing and with mechanical performance highlights the
multifunctional interactions of pGNP. The impacts of pGNP addition on thermal conductivity, which play a

key role in the temperature evolution inside of the thick composite section are addressed in Chapter 8.



68

CHAPTER 7

MECHANICAL PERFORMANCE

This chapter discusses the results of investigation on the mechanical properties of pPGNP/CFRP. Work in
Chapter 6 showed evidence of chemical interactions between pGNP and the curing resin, the nature and
impact of those interactions will be explored in detail herein. The goal of this work was to test mechanical
properties at ambient and elevated temperatures to provide insight into pGNP/epoxy interactions which
would otherwise be unclear. Additionally, two of the primary weaknesses of fiber reinforced composites (as
compared to traditional materials) are poor interlaminar toughness and weakness at elevated temperatures
[16]. Temperature studies have been underrepresented in literature [20], despite the temperature dependence
of fracture resistance and its criticality to many applications. To this end, investigating the performance of
pGNP/CFRP at elevated temperatures is especially valuable. Thermo-mechanical characterization of
viscoelastic properties was done using Dynamic Mechanical Analysis (DMA). Mechanical characterization
included flexural beam testing, interlaminar shear strength using short beam testing, Mode I and Mode 11
fracture toughness testing. Fracture surface micrography was used to quantify mechanisms of fracture
toughness improvement. These methods present a comprehensive investigation of graphene induced

improvements on the thermo-mechanical properties of CFRP at ambient and elevated temperature.
7.1.Dynamic Mechanical Analysis

Results from DMA testing in a three-point bending configuration for neat CFRP beams and beams with
interlaminar pGNP are shown in Figure 25. The glass transition temperature, 7¢, as measured by the peak of
the extensional loss factor, tan(d) [134], is measured at 122.5°C for both the neat and pGNP treated composite
while the onset of the glass transition region is slightly delayed for the pGNP treated composite at 112.5°C

vs 110°C for the neat composite.
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Figure 25: DMA analysis of neat CFRP and pGNP/CFRP at 2.8 g/m?.

The storage modulus, E’, in pGNP/CFRP is 63% higher before the glass transition and 47% higher after
the glass transition. The increase in E’ shows that pGNP/epoxy nanocomposite in the interlaminar region has
a higher stiffness and improves the load transfer between fibers and matrix in the interlaminar region, which
is responsible for the interaction between the plies in both the glassy and rubbery states. This result, at 2.8
g/m? (1.2% w/w) is comparable to reinforcement using hexagonal boron nitride and molybdenum disulfide
at 6% loading [135]. The more notable impact of pGNP addition is related to a hump in the tensile loss
modulus, £”, and loss factor, tan(d), that peaks at 85°C. This early peak has been defined as the Beta
Transition, Tj, which—in bisphenol-A based thermosets such as those in this study—is related to molecular
movement of side chains and unreacted ends of the polymer [136]. T3 is known to be related to fracture
toughness [137]. Multiple peaks in the loss modulus have been shown in multiscale composites such as CFRP
previously [138,139], and it has been shown that the use of a filler which interacts with the epoxy matrix can
reduce the earlier tan(d) peak value [140]. The use of MWCNT reduced the early peak in loss modulus by
restricting the molecular motion of polymer chains resulting in higher elastic response and a lower relative
viscous response [139]. The addition of 2.8 g/m? of pGNP in this case results in the elimination of the 7}
peak in viscous response as a result of pGNP restricting side chain movement in the polymer. This behavior
was attributed to the high size and aspect ratio of nanoparticles and chemical interaction between GNP and
polymer as shown by Raman spectroscopy. Raman spectra shown in a previous section indicated the

stretching of polymer chains and a reduction of branch vibrations that correspond to the restricted chain
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mobility, and, as a result an increase in the loss modulus in the 7 temperature range is observed in GNP
composite. Through these mechanisms, while 7 is not increased the performance the CFRP system at
temperatures approaching 7 in the T temperature range can be substantially improved. Because the glass
transition is a result of large-scale movement in the polymer backbone rather than independent side chain
movement in the beta transition [136], we can infer that pGNP addition is minimally effective at reducing
bulk chain movement in the polymer, while affecting local interlaminar property where pGNP is introduced.
Further study is required to assess the impact on mechanical properties of pGNP addition at temperatures
from T to 7. The implication of this result to the mechanical properties will be discussed in the following

sections.
7.2.Flexural Beam Testing

The flexural modulus and strength of the pGNP treated composites were increased at 1.1 g/m? loadings,
as shown in Figure 26-a, by 15% and 17%, respectively. Representative results of the three-point bending
test are shown in Figure 26-b. At higher loadings the modulus decreases below the untreated value by 16%
and the strength plateaus with a 12% increase. The peak values at 1.1 g/m? correspond to the increase in void
volume with higher loadings, as the void fraction begins to offset or overcome improvements from the pGNP

addition.
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Figure 26: a) Flexural strength and modulus of pGNP treated composite beams, b) Representative stress-

strain curves for flexural tests.

7.3.Short Beam Testing

Short beam test results are presented in Figure 27-a, with representative results shown in Figure 27-b.
At 20°C, 2.8 g/m? loading of pGNP improved ILSS (F3;) of composites by 17% over neat samples while 4.2
g/m? loading resulted in a 6% increase. At 90°C, ILSS decreased for neat samples by 14%, at 4.2 g/m? there
was an 8% increase in ILSS, while 2.8 g/m? did not show any change from neat samples. The slope of the

stress-strain curves in pGNP/CFRP was 17% higher than neat CFRP and the slopes were ~38% lower at 90°C



72

than at 20°C. The peak in ILSS improvement for the room temperature at 2.8 g/m? was used to target loading

for Mode I and Mode II fracture.
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Figure 27: a) Fs; values for CF/epoxy beams at 0.0, 2.8, and 4.2 g/m? pGNP loadings at 20°C and 90°C;

b) Representative stress-strain curves for ILSS testing at 20°C and 90°C.

Increases to ILSS are expected as the interlaminar strength is a property of the load transfer between

plies where pGNP is able to contribute to the interlaminar reinforcement—which dominates the interlaminar
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load transfer—and provide crack deflection mechanisms [51], as discussed later in fracture toughness results.
Reductions in ILSS at 90°C stand in contrast to later results where fracture toughness is maintained however
ILSS is improved at 4.2 g/m?. While short beam testing is a widely used method for measuring ILSS due to
its simplicity, the results are impacted by non-uniform stress distributions and potential changes in the failure
mode at elevated temperature. An alternate method such as the Double Notched Shear Test or Arcan Test
may be more accurate for high stiffness fiber composites at elevated temperatures [141].

7.4.Mode I Fracture

Figure 28 shows representative Load-Displacement curves for composite samples in the four conditions
tested, showing the improved performance of the CFRP with pGNP interlaminar addition over untreated
CFRP, and the relative performance at 90°C. Average dimensions and compliance values from the test beams

are given in Table 8.

Table 8. Average DCB test dimensions

Mode I ay Thickness, 2h width, b
Sample (mm) (mm) (mm) n
0.0 g/m? 20°C 49.5 3.8 18.7 2.56
0.0 g/m? 90°C 54.3 3.8 17.1 2.71
2.3 g/m?20°C 49.8 4.1 214 3.03
2.3 g/m? 90°C 50.2 4.1 21.3 2.83

Results for the mechanical testing of pGNP/CFRP and neat CFRP composites are presented in Figure
29. It was found that, at 20°C, the pGNP treated samples were 146% tougher than the untreated samples at
initial crack extension. Values are shown in Figure 30 and Table for Gic on initiation, (measured during

initial crack extension) and Gic on propagation (averaged over the first 25 mm of crack extension).



74

140 P
: RV Y
120 | SV TR
/) Vo r R~ =N
[ J/ \~ R N
100 f / T EERRERE RN
~ C // /
Z C 7
= 80 y
2 - /
£ 60 [ p
40 A 2.3 g/m2 at 20°C
; / -------- 2.3 g/m2 at 90°C
20 F ———0.0 g/m2 at 20°C
—— 0.0 g/m2 at 90°C
0 L L L L L L L L L L L L L L L L L L L L L L L L
0 5 10 15 20 25

Displacement (mm)
Figure 28: Load-displacement curves for representative fracture tests of untreated CF/epoxy

composites and 2.3 g/m’ pGNP interlaminar spray at 20°C and 90°C.
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Figure 29: Gic values for CF/epoxy beams without treatment and with 2.3 g/m? pGNP interlaminar

spray at 20°C and 90°C.

Fracture resistance during extension was 53% greater in the pGNP treated samples. In the case of
viscoelastic material, the energy release rate, Gc, which is measured during crack extension consists of two
components: the stored elastic strain energy, which is released as a crack grows, and dissipated energy

component, as shown in Equation 13 [142].
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dW (E"
Ge = da

+ Gpis(E") (13)

where dW represents the incremental work done on crack extension, da. Stored elastic energy is a function
of the storage modulus, E’. While the loss modulus, E", is representative of the viscous component of the

dynamic modulus and is related to Gpj;, which describes the energy dissipation due to viscous effects and

plasticity.
Table 9. Gic values
Gic Initiation(J/m?) Gic Propagation(J/m?)
% Change %
Sample Mean Std Dev Mean Std Dev Change
0.0 g/m? 20°C 474 97 0% 928 254 0%
0.0 g/m? 90°C 588 39 24% 809 111 -13%
2.3 g/m?20°C 1163 96 145% 1416 140 53%
2.3 g/m? 90°C 1332 144 181% 1406 250 52%
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Figure 30: Average Gic values for CF/epoxy beams without treatment and with 2.3 g/m? pGNP

interlaminar spray at 20°C and 90°C on initial fracture and during crack propagation.

The propagation values of Gic for pristine, 0.0 g/m?, CFRP at ambient temperature were significantly
higher than at initiation. Typically, increase in Gic with crack extension represent fiber bridging, an artifact
of DCB testing, which depends on the fiber migration into the interlaminar region between the neighboring

plies during cure [143]. Examples of fiber bridging are shown in Figure 31.

a. b.

Figure 31: Fiber bridging at extended crack lengths contributed to increased Gc values in all samples,

as shown in, a) untreated composite and b) pGNP/CFRP.

When considering temperature effect at 90°C, Gic on initiation of the untreated, 0.0 g/m?, CFRP is

increased by 24% from the ambient values. This behavior mirrors our observations with DMA, where the
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increase of side-chain movement in the untreated matrix near 7 is expected to increase the dissipative
mechanisms, while the stored elastic component remains nearly the same [136,137]. Increased viscous
response at elevated temperature contributes to more plastic response indicative of a larger damage
process zone. The increase of initial Gic at 20°C for pGNP/CFRP composite compared to pristine can be
attributed to the increase in E' resulting from pGNP addition to the interlaminar region, as was indicated by
DMA results. Specifically, the increase in the stored elastic component at the room temperature can explain
a significant 145% increase in Mode I fracture toughness. Furthermore, the addition of pGNP to the
interlaminar region of the matrix provides restrictions to the thermal movement of polymer chains reducing
crosslinked network mobility through the molecular interactions between epoxy and pGNP as shown by
Raman spectroscopy and DMA. These interactions eliminate the early increases in E'’ and extensional loss
factor, tan(9), at 85°C—prior to the glass transition region. The beta transition at 7} is related to decoherence
of side chain groups and unreacted ends in the polymer. Recent work has proposed that coupling in these
groups is related to energy absorption and dissipation [139]. Reduction in energy transfer through these side
chain groups can be attributed to a loss in fracture toughness and improving energy transfer through the
polymer side chains with pGNP improves the absorption of energy during deformation. The elimination of
the beta transition as well as the slight positive shift in 7 is indicative of the improvement in the load-
carrying ability of the composite with pGNP. The magnitude of loss modulus in CFRP and GNP/CFRP
systems were almost identical at 90°C. Therefore, the consistent fracture toughness at 90°C of both Mode I
and—as discussed later for Mode II—can be attributed to the higher storage modulus in GNP/CFRP system
at room and elevated temperature when compared with the neat CFRP. However, the reduction in the side
chain mobility is not sufficient to produce higher apparent 7 as measured by DMA.

A reduction in fiber bridging may represent improvements to fiber/matrix interactions with nanoparticle
additions which have been observed in other studies [7,28,144]. Studies have shown an increase in the
damage process zone in GNP/CRFP systems proportional to GNP loading [69]. The damage process zone is
the region ahead of the traction free crack tip which contains lots of distributed microcracks and which
reflects the fracture toughness and fracture energy [145]. The larger process zone results in greater roughness
of the fracture surface, shown in previous studies where the relatively higher strength of the GNP causes the

crack front to tilt and/or twist from its initial plane [69]. Surface micrographs of fracture surfaces from beams
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tested at 20°C, as shown in Figure 32, show a substantial increase in surface roughness. The zero point in
surface roughness measurements was obtained from focusing on the flat region of the Teflon insert, prior to
crack extension. The increase in roughness represents an elongation of the crack path as a result of nanoscale
reinforcement from pGNP addition, which causes crack deflection. The elongation of the crack front
increases the energy required to extend the crack, raising the fracture toughness of pGNP treated composites

at ambient and elevated temperatures.

Height (um)

0 50 100 150 200 250 300 350 400 450 500
Distance (um)

Figure 32: The scanned area of (a) untreated beam fractured at 20°C and (b) pGNP/CFRP beam

fractured at 20°C; c) the micrographs for untreaded CFRP and pGNP/CFRP.
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Figure 33: The scanned area of; a) untreated CFRP fractured at 90°C and b) pGNP/CFRP beam

fractured at 90°C; c) the micrographs for an untreaded CFRP and pGNP/CFRP beam.

Fracture surface micrographs of DCB samples treated at 90°C (Figure 33) show similar behavior with a
significant increase in crack surface roughness and crack front elongation in pGNP treated samples versus
neat samples at 90°C, with a respective decrease in roughness for neat samples as compared to ambient
fracture tests. The consistent physical properties of the pGNP treated composite at 90°C are shown with the
high degree of surface roughness which is representative of the increased energy required to extend the crack

front in the elastic matrix.
7.5.Mode II Fracture

Results for the end notch flexural testing of neat and pGNP treated CFRP are presented in Figure 34.

The Mode II interlaminar fracture toughness, Gc, of composites with and without pGNP interlaminar spray
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were equivalent at 20°C, which is consistent with other studies [69]. While GNP addition has shown
consistent improvement in Mode [ fracture to varying degrees, GNP impact on Mode II fracture has been
mixed. While some studies have shown strong toughening [27,50], other studies have shown a lack of
improvement [69] or loss of performance [73]. As reported in a previous study, ENF Mode II testing
produces an inherently unstable crack propagation in displacement control mode. Therefore, the
reinforcing GNP effect at the room temperature is restricted by relative brittleness of epoxy CFRP
and the instantaneous crack growth, in contrast to Mode I where stable crack growth is achieved in
displacement-controlled mode. The brittle behavior of thermosetting network is due to a small
damage process zone around the crack front where the damage occurs prior to crack propagation.

[130,143].

Table 10. Average ENF test dimensions

Mode II ay Thickness, 2h width, b

Sample (mm) (mm) (mm) m
0.0 g/m’ 20°C 30 3.9 17.4 0.0277
0.0 g/m? 90°C 30 3.9 17.7 0.0358
2.3 g/m?20°C 30 4.1 214 0.0188

2.3 g/m? 90°C 30 4.1 21.3 0.0189
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Figure 34: Guc values for CF/epoxy beams without treatment and with 2.3 g/m2 pGNP interlaminar

spray at 20°C and 90°C.

The lack of significant Mode II toughening at room temperature in pGNP/CFRP composite is due to
relative brittleness of the matrix and inherently unstable crack propagation. Similar results have been
discussed in other studies using GNP/CFRP composites [69,146]. Examples of improvement of Mode 11
fracture have utilized methods of improving the GNP interaction with the matrix [50]. At 90°C,
untreated composite beams showed a 34% reduction in fracture toughness while pGNP/CFRP showed no
notable change in Mode II fracture toughness. This corresponds with other work, which shows that at elevated
temperature matrix softening leads to reduction of certain composite properties, specifically intralaminar
shear strength and stiffness, which in turn reduce Mode II fracture toughness [146]. Average dimensions and
compliance values from the test beams are given in Table 10. At 90°C, the presence of pGNP provides the
increase of the composite properties, as indicated by DMA results, which produced significant effect for
increased Mode II fracture toughness in pGNP/CFRP system. This performance at elevated temperature is
consistent with Mode I fracture results, showing the effect of pGNP as a nanoscale reinforcing material in

the interlaminar region.

7.6. Discussion

pGNP interacts with the chemical bond structure and viscoelastic behaviors of the epoxy matrix of

CFRP. DMA shows that pGNP interacts with the epoxy polymer to eliminate the 73 peak in loss modulus by
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restricting the molecular motion of polymer side chains resulting in higher elastic response and a lower
relative viscous response, while increasing the elastic modulus. As shown in Chapter 5, Raman spectroscopy
demonstrates chemical interaction between pGNP and epoxy, showing stretching of epoxide aliphatic carbon
bonds along the backbone of the polymer while reducing the vibration of branched groups. These interactions
are key to improving mechanical performance at both ambient and elevated temperatures.

DMA testing shows a 63% increase in £’ in pGNP/CFRP at ambient conditions, which shows that
pGNP/epoxy nanocomposite in the interlaminar region has a higher stiffness and improved the load transfer
between fibers and matrix in the interlaminar region. At elevated temperatures, the onset of the glass
transition region is delayed for the pGNP/CFRP to 112.5°C vs 110°C for the neat composite but T¢ is
unchanged at 122.5°C. DMA results also showed a 47% increase in £’ in the rubbery state, after the glass
transition temperature. This suggests mechanical improvements at temperatures above 7¢ which warrant
further investigation.

The flexural modulus and strength of the pGNP treated composites were increased by 15% and 17%,
respectively at 1.1 g/m?. ILSS was improved by 17% 2.8 g/m?. At higher loadings the effectiveness of pGNP
addition is reduced which corresponds to the increase in void volume with higher loadings as the void fraction
begins to offset or overcome improvements from the pGNP addition.

The most dramatic area of mechanical improvement is in fracture toughness, which is expected given
the susceptibility of composite materials to fracture failure and the targeted, interlaminar application of pGNP
where the improved storage modulus leads to fracture toughness increase at crack initiation. At 20°C, Mode
I fracture is improved 146% and at 90°C, pGNP/CFRP showed Gic improvements of 126% on initiation.
pGNP addition provides substantial increases to the strength of the interlaminar region which—upon crack
propagation—resulted in crack front deflection and elongation which—in turn—increase the energy required
to extend the crack in the stable, displacement-controlled Mode I fracture. At ambient conditions Mode 11
fracture was unaffected by pGNP addition, due to the unstable crack propagation in displacement control
mode. However, at 90°C, pGNP/CFRP showed no decrease in Mode II toughness compared to 20°C tests as
a result of improved storage modulus, resulting in an overall 55% increase in Mode II toughness at 90°C.

CFRP nanocomposites typically exhibit complex internal structure-property behavior due to interactions

between the different constituents. Therefore, the difference in Mode I and Mode II fracture in this study
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show that pGNP particles provide a direct fracture toughness reinforcement through various means: (i) matrix
toughening, (ii) increased elastic properties in the interlaminar region at elevated temperature, and (iii) pPGNP
particle causing crack deflection. Epoxide and carboxyl functional groups, as well as nanoparticle
morphology play a key role in these interactions and must be understood when designing a nanoparticle
reinforced system.

Interlaminar application ensured effective dispersion and targeted pGNP loading at the critical
interlaminar region. Spray application of pGNP provides a simple, controllable method of improving fracture
toughness of the composite but—as highlighted in Chapters 3 and 4—surface functionality of pGNP and
spray formulation are important in optimizing pGNP/CFRP. Poor interaction with the spray system would
result in pGNP agglomeration and reduction in mechanical properties. pPGNP functional groups played a key

role in reducing side chain vibrations and in reenforcing the composite system.
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CHAPTER 8

MULTIFUNCTIONAL PROPERTIES

This chapter discusses the multifunctional properties of the pGNP/CFRP system. A multifunctional
composite is defined as “made of two or more materials that perform two or more functions in a manner that
is constructive to the overall purpose of the structure” [147]. In this dissertation, multifunctionality is taken
to refer to a combination of structural and non-structural roles. Electrical conductivity (EC) has several
applications in composite structure including; electrical grounding, EMI shielding, lightning strike
protection, structural health monitoring, and energy storage [54,57,101]. Thermal conductivity (TC) is
important for heat dissipation and temperature tolerance [148]. To this end, investigating the thermal and
electrical conductivity of pGNP/CFRP in the three principal material directions and at increasing
temperatures provides fundamental information on how multifunctional properties can be achieved. EC was
measured using a 4-point kelvin probe. TC was measured using a two-sensor heat flux test. Both tests
measured unidirectional composites in the three principal material directions, across the sample in the fiber
direction (1), perpendicular to the fiber direction (2), and in the out-of-plane direction across the composite
thickness (3). Measurements were taken at 30°C, 50°C, 70°C, and 90°C.

8.1.Electrical Conductivity

The impact of interlaminar pGNP addition varies with respect to fiber orientation and testing temperature
as shown in Figure 35. EC values at 30°C are shown in Table 11. EC was increased with increased pGNP
loading but the behavior varied depending on the axis of measurement. At 30°C, in the fiber direction (ku),
EC increases linearly up to 2.8 g/m? for a 202%, after which it plateaus as the percolation threshold is reached.
In the transverse and cross plane directions (k22 and «ks3) EC peaks at 1.1 g/m?, with improvements of 397%
in k22 and 168% in «s3. The impact of void formation is clear given that at 2.8 g/m? both EC values decrease

before rising slightly at 4.2 g/m?.
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Figure 35: The Electrical conductivity of CFRP composites with increasing interlaminar pGNP from 0-

4.2 g/m? at temperatures from 30-90°C; a) in the fiber direction (x11); b) transverse to the fiber direction

(k22), and; c) through the composite thickness (ks3).

There is a notable anisotropy in the effect of temperature on EC. k1 increases linearly with temperature

from 0-2.8 g/m? loadings of ~2.5 S/m-°C. At 4.2 g/m? there is a noteworthy increase in EC at 90°C as the
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increased temperature appears to increase the percolation threshold of the composite. k22 and k33 remained
approximately consistent with temperature from 30°C-70°C before decreasing slightly at 90°C. The
Coefficient of thermal expansion was measured for the tested composite specimens and was a consistent

0.0137 °C' in all dimensions.

Table 11. Electrical Conductivity at 30 °C

EC (S/m)
PGNP Loading
(g/m?) K11 K22 K33
0 384.4033 | 4.064224 | 0.15224
1.1 705.8968 | 20.18891 | 0.408126
2.8 1160.337 | 12.12062 | 0.257741
4.2 1146.053 | 13.85268 | 0.294849

8.2. Thermal Conductivity

The impact of pGNP addition varies with respect to the fiber orientation and sample temperature as
shown in Figure 36. In neat CFRP, TC in the fiber direction (ki) at 90°C increases 3% over 30°C while TC
in the transverse (kz2) and through thickness (kss) directions decrease 3% and 7%, respectively. Loading at
up to 2.8 g/m? increases ki1 27%, while increased loading at 4.2 g/m? reduces TC to neat values. k22 decreases
with pGNP loading at all levels, and this decrease is heightened with increasing temperatures at higher
loadings. kss peaks at 1.1 g/m? loading with a 48% increase over neat values, returning to neat values at higher
loading.

Increased pGNP loading increased ki1 sensitivity to temperature up to 2.8 g/m? such that ki at 90°C is
95% ki1 at 30°C but this variation is absent at 4.2 g/m?. Sensitivity to temperature in k2> was increased, with
decreasing TC at increasing temperatures. kss showed no variation with temperature at 1.1 g/m? while 2.8
g/m? loading increased kss by 21% at 70°C. At 4.2 g/m? loading, kss was reduced 10% at 90°C. The conflicting

behaviors are interesting and warrant further study as TC in the fiber direction is dominated by pGNP/fiber
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interactions while through thickness TC is dominated by pGNP/epoxy interactions.
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Figure 36: The thermal conductivity of CFRP composites with increasing interlaminar pGNP from 0-4.2

g/m? at temperatures from 30-90°C; a) in the fiber direction (ki1); b) transverse to the fiber direction

(k22), and; c) through the composite thickness (kss).
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8.3. Discussion

pGNP addition increased EC in each principal composite direction, with the largest relative impact to
k22 at 1.1 g/m? loading. This is unsurprising, as interlaminar pGNP addition is able to improve the percolation
of a conductive network between conductive carbon fibers.

Increasing temperature to 90°C to increase the percolation threshold of the composite in xii. This
highlights a phase change which warrants further investigation. k22 and k33 were unaffected by temperature
from 30°C-70°C but decreased slightly at 90°C. These behaviors indicate a phase change in the composite
with regards to electrical conductivity which is noteworthy when compared to the elimination of the 7j
Shown in DMA. Further study of this effect and its implications is warranted.

Increases in TC at ambient (30°C) show that pGNP particles are well distributed and have good
interaction with the epoxy structure which supports the conclusions from DMA and Raman spectroscopy that
PGNP particles are well distributed and bound to polymer chains. The greater proportional increase in the
through thickness conductivity is expected, as the interlaminar spray is targeted in the thermally resistive
interlaminar region and pGNP particles are able to percolate the region between the fibers, providing both
increased TC and greater interlaminar strength. Poor pGNP/matrix interaction would be evidenced by
reduced TC, which can occur at higher pGNP loadings due to particle agglomeration. Agglomeration of
pGNP results in poor filler-matrix interfaces, which results in poor phonon transport at the interface and a
loss in heat transfer efficiency [11]. Additionally, agglomeration reduces the overall heat conduction path
[12] and can result in porosity which further reduces TC. Thermal conductivity impacts curing, elevated
temperature performance, with the decreases in k22 and kss corresponding to the increase in void formation
and the higher temperatures observed during curing tests. As such, it is important to consider the TC of a
GNP as an indicator of GNP distribution and interface between the CNP and the matrix.

Composite samples in this study were unidirectional in order to examine the behavior in three axes with
respect to the fiber direction. The potential of engineered anisotropic conductivity is apparent, as the sample
tested shows significant anisotropy in thermal and electrical conductivity. Likewise, the potential to produce
composites with increased EC without increased TC is indicated, and further examination of pGNP/matrix
interactions which increase and interfere with EC and TC are warranted. As such, it is important to consider

TC and EC of a GNP/CFRP in the three principal directions individually.
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Examining conductive behavior with stacking sequences more representative of manufactured
composite parts or with woven fiber composites would be informative. Likewise, examining the impacts of
a glass fiber composite system would remove the conductivity of the carbon fibers and would give different

behavior in each of the material directions.
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CHAPTER 9

FUNCTIONAL COATINGS FOR PA6/GLASS FIBER ORGANOSHEET

This chapter discusses work in-progress focused on applying pGNP coatings to PA6/Glass Fiber
Organosheet to impart multifunctional properties. The use of an organosheet presents a distinct contrast to
prior work with CFRP prepreg materials which is useful in presenting a wider description of pGNP
application to a wider range of material systems. Glass fiber does not have the same electrical or thermal
conductivity as carbon fiber, and inter-fiber percolation with pGNP will not be a factor in increasing
conductivity. Additionally, this dissertation has shown that interlaminar pGNP with thermoset prepreg
provides significant interaction between pGNP and the polymer [149,150]. Engineering a pPGNP/PAG6 system
presents several distinct challenges since PA6 is a thermoplastic polymer with relatively low surface energy
compared with epoxy prepreg. The uncured epoxy surface supports adhesion with the sprayed pGNP , unlike
PAG6 which provides no adhesion with the sprayed particles. Additionally, curing epoxy creates opportunities
for chemical interaction with the resin, where a substantial degree of the interaction responsible for
mechanical and multifunctional improvements are achieved. PA6, as a thermoplastic does not undergo the
curing process and does not present the same opportunities so other means must be found to integrate pGNP
with the polymer as a surface layer, and so new opportunities to develop pGNP/polymer interaction must be
engineered.

Strategies which are considered in this chapter include the use of e-Caprolactam as an adhesion promoter
and binding agent as well as the use of hydrochloric acid (HCl) as a surface etchant. Caprolactam is a
precursor to PA6 and has been used for in-situ polymerization of GNP nanocomposites [13,14]. The amide
linkages in PA6 are readily attacked by strong acids such as HCI [15]. At low levels, this damage to the
polymer chains causes surface etching and an increase in surface energy which can improve spray adhesion.

The combination of these factors has the potential of providing a significant improvement in pGNP adhesion.

9.1.Materials and Methods

9.1.1. Materials

In addition to the materials listed in chapter 3, PA6/Glass Fiber Organosheet was used as the base

composite material and e-Caprolactam was used in spray formulation. The present work used organosheets
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produced by Johns Manville in a continuous process in which woven glass fiber reinforcement was
impregnated with caprolactam monomer followed by in-situ anionic polymerization to form a thermoplastic
PA6 matrix with 50% glass fiber by weight. A high molecular weight PA6 matrix was obtained during the
in-situ polymerization, resulting in high mechanical properties of the final composites. e-Caprolactam was
supplied by Sigma-Aldrich at 99% purity.

9.1.2. Composite Preparation

12.5 cm x 12.5 cm Organosheet samples were prepared for spray application by sanding with a maroon
3M Scotch-Brite™ pad (~360 grit) and gleaning with a degreaser. Current collectors, in the form of copper
foil tape, were applied along opposite edges of the sample panels prior to spray treatment. pPGNP suspensions
were applied using a pneumatic, high-volume low-pressure spray gun with 0.8 mm nozzle at 30 psi. 5 coats
were applied, letting each coat dry fully between spray cycles. The weight of each panel was taken before
spraying and between coats to ensure even application. Light coatings were used in order to ensure uniformity
and to prevent beading on the prepreg surface.

9.1.3. Surface Conductivity

Sheet resistance, commonly used to describe the conductivity of thin surfaces or films used in EMI
applications, is the resistance of a square piece of a thin material with contacts made along two opposite sides
of the square. Sheet Resistance, R is calculated using the Resistance, R, measured in Equation 11 as shown

in Equation 14:

Ry =—— (14)

where R; is the sheet resistance in ohms-per-square (£2/sq), w is the width of the sample, and / is the length
of the sample. Because the units w and / cancel, R; is reported in Q/sq to distinguish from bulk resistance.
Resistance was measured between the two copper current collectors on the sides of the
pGNP/organosheet panels, as shown in Figure 37. Current was supplied with a TEKPower™ TP3005P
Programable DC power supply and voltages was measured using a Commercial Electric™ MAS830B digital

multimeter across the sample.
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Figure 37: A schematic of the four-point probe for surface resistance.

9.2.Spray Formulation and Application

PGNP suspensions were formulated using the same DI water, 91% IPA, and 45% IPA solvents as used
in Chapter 5, along with acetone, and a 50% acetone water mix which were omitted from the prepreg study
due to possible negative interactions with the epoxy which are not a consideration with PA6. CMC and e-
Caprolactam were tested as dispersion aides. SDS was not included due to negative interactions with e-
Caprolactam. When dissolved in water, caprolactam hydrolyzes to aminocaproic acid, shown in Figure 38,
which is also an intermediate for PA6 [153]. Aminocaproic acid is a compound with a 6-carbon chain and
polar carboxyl headgroup which suggests similar behavior to SDS. In early tests, the combination of SDS
and caprolactam led to excessive foaming that interfered with exfoliation. Moderate foaming was observed
in caprolactam suspensions in water and alcohol, but not in suspensions containing acetone. CMC was used
at the same targeted loading of 1 g/l as used in Chapter 5. e-Caprolactam was used at a 35 g/l loading to give

a 1:1 mass ratio with pGNP to provide sufficient opportunities for particle interaction.
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Figure 38: Diagrams of; a) e-Caprolactam and b) e-Aminocaproic acid

Dispersion was tested following the same method as used in section 5.1, with samples mixed thoroughly
and then left undisturbed to settle for 48 hours before measuring solids percentage. The dispersion of solids
after 48 hours of settling is given in Error! Reference source not found.. The higher dispersion reported
for the acetone mixtures is not representative of the same behavior as the water and IPA mixtures. When
suspended solids were measured, as shown in Figure 39, pGNP dispersed with e-Caprolactam in water
produced solids which were visibly high in carbon and had an even, black color. pGNP dispersed with e-
Caprolactam in acetone—including a 50% water acetone mix—produced solids with a clear-white color,

obviously primarily e-Caprolactam with little pGNP.

Table 12. Dispersion of pGNP/ e-Caprolactam after 48 hours settling.

91%
DI Water Acetone
45% IPA (g/1) 1PA4 50% Acetone (g/1)
&) &
(gl
pGNP 0.4 0.4 0.13 0.26 0.12
+eC 15.8 12.6 11.8 154 20.4
+CMC+eC 34.8 38.8 13.8 20.6 21.2




b.

Figure 39: Suspended solids from pGNP+eCapralactam in a) DI water and b) Acetone.
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The behavior of the acetone suspension during solids testing coupled with the lack of foaming with
acetone highlights that—even in 50% acetone solutions—e-caprolactam is not undergoing conversion to

aminocaproic acid, which appears key to interacting with pGNP.

Table 13. Contact angles of pGNP/ e-Caprolactam on PA6 organosheet

DI
Water 45% IPA 91% IPA 50% Acetone Acetone
pGNP 114.2 147.6 180.0 146.3 180.0
+eC 113.5 152.5 157.7 148.9 166.7
+eC+CMC 113.0 151.7 157.9 149.1 166.0

Surface energy was measured using CA shortly after mixing on a sheet of organosheet using the sessile
drop method. As shown in Table 13, the pGNP/IPA and pGNP/Acetone dispersions exhibited the best surface
wetting, with 180° contact angles. pGNP/water with caprolactam and CMC produced the lowest contact angle
at 113°. pGNP with caprolactam and CMC in 45% IPA provided intermediate surface wetting with a contact
angle of 151.7°. The addition of caprolactam reduced surface wetting in pGNP/IPA and pGNP/Acetone
dispersions but had negligible effect on water and water mixed dispersions.

9.2.1. HCI Etching

Based on the results of suspension and surface energy testing, pGNP sprays were formulated in 45%
IPA with 35 g/l pGNP and 1 g/l CMC, with and without caprolactam and with HCI at 0%, 1.2%, 2.8%, and
52% HCIL. The results of spray tests are shown in Figure 40. Without HCI, both pGNP and
pGNP+caprolactam are easily removed from the organosheet surface with light pressure. 1.2% HCI provides
a significant increase in adhesion in pGNP and pGNP-+caprolactam sprays. For the pGNP spray, 2.8% and
5.2% HCl resulted in significant cracking on the pGNP surface on drying, a result of contraction of the pGNP
surface. For pGNP+caprolactam sprays at 2.8% and 5.2% HCI, no cracking was observed, however both
sprays showed significant impact to the PA6 substrate, as evidenced by the visible structure of the glass fiber

weave after spraying.



Figure 40: pGNP spray on PA6 organosheet a) pGNP in water/alcohol and b) pGNP+caprolactam in

water/alcohol.
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9.3.Surface Conductivity
The impact of pGNP addition on the organosheet surface is shown in Table 14 and Figure 41. The

surface resistivity of untreated PA6 is Nylon surface resistivity 5-10'° /sq.

Table 14. Resistance and sheet resistance of pGNP sprayed PA6/GF Organosheet.

pGNP pGNP+caprolactam
HCI% Q Q/sq Q Q/sq
0.0% 1164 1552 2380 3173
1.2% 1100 1467 2130 2840
2.8% 1265 1687 2530 3373
5.2% 2793 3724 9960 13280

Surface resistivity is minimized with the pGNP spray with 1.2% HCl at 1467 Q/sq. The minimum surface
resistivity for pGNP+caprolactam is also reached with 1.2% HCI with a value of 2840 Q/sq. These values

represent an improvement over untreated PA6 of ~1.7-107-3.4-10".
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Figure 41: Resistance and Sheet Resistance of pGNP and pGNP+caprolactam spray coatings with HCI

addition.

The resistivity of pGNP+caprolactam coating was consistently twice the resistance of comparable
coatings of pGNP without caprolactam. This is an indication that the caprolactam is interacting with the
PGNP to prevent the formation of a conductive network. The increase in resistance of the pPGNP-+caprolactam
at 5.2% is due to the strong action of HCI in penetrating the PA6 and interfering with pGNP percolation,

while the increase in pGNP is due to cracking in the sprayed surface.

9.4. Discussion

The surface resistivity of organosheet was improved by a factor of 3.4-107 with pGNP coating, giving a
surface resistance of 1467 Q/sq. The achieved surface resistivity is greater than that of metals, but within the
range of conductive materials [154]. The addition of caprolactam during the pGNP exfoliation process
increased the resistance of the sprayed coatings by a factor of 2. In conjunction with the behavior of the
caprolactam containing suspensions in water and water/alcohol as compared to acetone, it is clear that pGNP
is forming a conjugate with the hydrolyzed aminocaproic acid. Previous studies have shown the potential of
in-situ polymerization of graphene with PA6 using caprolactam [27,151], and this work presents a simple
pathway to the production of similar PA6/pGNP nanocomposites.

Both caprolactam and HCI were important in producing a durable, conductive surface. Etching with HCI
significantly improved surface adhesion, while conversion of caprolactam into aminocaproic acid allowed

for in-situ polymerization of the pGNP to prevent cracking in the pGNP surface on drying. Further work will
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investigate the effects of molding of the sprayed organosheet and the resulting pGNP surface. Additional
work will consider spray formulations based around polyurethane to provide adhesion and durability.
The significant increase in sheet resistance has applications in EMI shielding which will be tested. Other

key factors such as flame resistance, UV resistance, and scratch resistance will be tested.
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CHAPTER 10

CONCLUSIONS AND RECOMMENDATIONS

GNP has substantial potential to provide improvements to the strength, electrical conductivity, thermal
conductivity, and temperature tolerance of plastics and composite materials, but has yet to reach wide
industrial use for reasons including cost, lack of supply, and difficulty of use. The use of a plant-based
feedstock with wide availability and a manufacturing process with lower energy usage than thermal or
oxidative exfoliation offers a pathway to lowering costs and increasing availability to commercially relevant
levels. Difficulty in utilization of graphenes is frequently attributed to issues with agglomeration, poor
distribution of particles, and poor particle/matrix interaction which the cause of the majority of GNP
compounding issues [65]. This dissertation has shown that this description is an oversimplification and that
careful analysis of GNP properties and understanding of nanomaterial interactions can be used to successfully

engineer nanocomposite systems.
10.1. pGNP

Biomass feedstocks typically carbonize into amorphous, hard carbons [155] which do not have the
high aspect ratio, aromatic bonding, or nanoscale which give graphene its properties. pGNP has all of the
same properties which make mineral and CVD graphenes desirable, as well as having a morphology and
functionality which are useful to applications in thermoset polymers. The biomass derived pGNP contains a
higher number of SFGs as compared to mineral graphite which increase interaction with simple solvents such
as water, alcohol, and acetone resulting in a GNP which can be more easily utilized in simple applications
such as spray coating. Further, epoxide functional groups offer opportunities for crosslinking in a
thermoplastic matrix.

Analysis from TEM, Raman spectroscopy, and XPS gives a consistent description of pGNP
nanoplatelets. Raman spectroscopy shows few-layer graphitic particles with a high degree of disorder. This
is confirmed with SEM and TEM which show stacked, multilayer graphene crystals. Surface analysis
performed with XPS shows aromatic sp2 graphitic/graphene bonding with epoxide and carboxyl functional
groups. Similar functionality is observed in reduced graphene oxide platelets [ 1]. Graphene oxide has a higher
degree of oxidation and substantially better dispersion, but oxygenation converts sp2 bonds to sp3 bonding

which removes many of graphene’s unique properties [1]. A surface C:O ratio 1.77 times higher than bulk
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C:O indicates that oxygen is primarily in SFGs. The interlaminar spacing of 0.345 nm is slightly larger than
the 0.335 nm spacing typical of mineral graphene, but this is consistent with the degree of surface
functionalization observed with XPS.

The above characterization, along with the results of the physical testing in this dissertation show that
renewable biomass feedstock can be utilized to produce a high-quality GNP. Conventional graphene
production requires high purity, lump graphite with limited sources which requires energy intensive
processing to produce GNP, along with environmental concerns around hazardous materials in wastewater
[94]. The use of a biomass feedstock provides a renewable feedstock with opportunities for dramatic
reductions in carbon emissions. The low energy cost of pGNP production and the lack of hazardous chemicals
in the process creates a significant opportunity for capturing the benefits of nanomaterial addition without

the environmental costs.
10.2. Spray Formulation

Utilization of GNP properties in a composite system relies on effective dispersion of GNP. Issues with
agglomeration, poor distribution of particles, and poor particle/matrix interaction are the cause of many GNP
compounding problems. Nanoparticle dispersion in resin has shown multiple issues with particle
agglomeration during RTM. Interlaminar spray application of GNP is an effective method for composite
manufacture.

Effective spray formulation required the balancing of several properties, specifically particle suspension,
surface wetting, and viscosity. pGNP was shown to be more dispersible in the tested solvents than graphenes
produced from mineral and synthetic graphite. This is due to polar epoxide and carboxylic functional groups
which are absent in mineral graphenes. Use of plant-based dispersion aids further improved dispersion
dramatically. This effect is most striking in the 45% water/IPA mixture where suspended solids are increased
from 0.40 g/1 for water/IPA alone to 5.61 g/l with SDS addition.

CMC addition increases the suspension viscosity at low shear rates by 30x without substantially
increasing high shear viscosity. High viscosity at low shear rates prevents dripping and sagging during drying
and reduces the settling of particles over time which contributes to pGNP suspension, while low viscosity at
high shear rates requires less energy to spray and produces a finer atomization [63,64].

Water offers higher dispersion of pGNP than alcohol and can be a preferred choice over other solvents
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because of its ease of use and availability, however water has a much lower surface energy on the epoxy
matrix as compared to I[PA. IPA provides excellent surface wetting on the prepreg surface, as well as being
highly volatile to promote fast, even drying but IPA has poorer dispersion characteristics for the pGNP. A
mixture of 45% IPA and 55% water offers an effective balance of dispersibility and surface wetting. The
optimized suspension did not have the highest suspension, surface wetting, or best viscosity but it does offer
the best blend of these properties. CMC was used to provide benefits to the pGNP spray formulation, as a
dispersion aid while improving viscosity and surface tension. SDS is added as a dispersion aide and anionic
surfactant. Spray testing showed that the engineered suspension provided a means for even, low level pGNP

interlaminar application as compared to a simple water spray which created a spotty, uneven coating.
10.3. Thermoset Composite Interactions

Interlaminar pGNP addition results in chemical interaction with the epoxy matrix due to activity
between SFGs and crosslinking sites and polymer edge groups, as evidenced by impacts to DSC and
Raman spectroscopy of the cured resin. Isothermal and dynamic DSC show that pGNP addition reduces the
peak heat flow and extends the curing time of the composite. Raman spectroscopy of the cured
pGNP/composite system shows changes in the relative energies stored in vibrational states in the polymer
structure. This result, in combination with DSC, confirms an interaction between pGNP and the epoxy
polymer on a chemical level. pGNP addition results in stretching of backbone aliphatic carbon chains in
the polymer and reduction of vibration of branched side-chain groups. This substantially changes the
mechanical properties of the composite, especially under heating. These results highlight the multiscale
interactions of pGNP with the CFRP system and highlight mechanisms which have been overlooked in
previous studies which contribute to the impacts of pGNP addition.

Reduction in peak heat flow suggests that peak cure temperatures should be reduced, however the peak
curing temperature increased with pGNP loading as a result of higher void content. The void content may be
aresult of pGNP agglomeration but may also result from chemical interactions between pGNP and the curing
epoxy. Increased pGNP loading did increase the exotherm duration, which corresponds with the longer

exotherm shown in DSC.
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10.4. Mechanical Reinforcement

pGNP interacts with the chemical bond structure and viscoelastic behaviors of the epoxy matrix of
CFRP, providing improvements to the stiffness, strength, and toughness of the composite. DMA shows that
pGNP interacts with the epoxy polymer to eliminate the 73 peak in loss modulus by restricting the molecular
motion of polymer side chains resulting in higher elastic response and a lower relative viscous response,
while increasing the elastic modulus. This confirms the earlier characterization using Raman spectroscopy
and DSC which demonstrates chemical interaction between pGNP and epoxy. These interactions are key to
improving mechanical performance at ambient temperatures but provide a substantial impact to the behavior
of the composite system at elevated temperatures.

The onset of the glass transition region is delayed for the pGNP/CFRP to 112.5°C vs 110°C for the neat
composite but 7 is unchanged at 122.5°C. The 63% increase in £’ in pGNP/CFRP at ambient conditions
shows that the pGNP/epoxy interlaminar region has a higher stiffness and improved the load transfer between
fibers and matrix. Most impactful to this dissertation and the temperatures studied is the elimination of the
Tp peak because of pGNP restricting side chain movement in the polymer. This behavior is in agreement with
Raman spectra showing stretching of polymer chains and reductions of branch vibrations that correspond to
the restricted chain mobility. As a result, a decrease in the loss modulus in the 73 temperature range is
observed in the pGNP composite. Glass transition is a result of large-scale movement in the polymer
backbone rather than independent side chain movement in the beta transition [136]. We can infer that pGNP
addition is minimally effective at reducing bulk chain movement in the polymer.

The flexural modulus and strength of the pGNP treated composites were increased by 15% and 17%,
respectively at 1.1 g/m? ILSS was improved by 17% at 2.8 g/m?. At higher loadings the effectiveness of
pGNP addition is reduced which corresponds to the increase in void volume as the void fraction begins to
offset or overcome improvements from the pGNP addition. The Short Beam Test was shown to not be a
reasonable test of ILSS at elevated temperatures, the Double Notched Shear Test or Arcan Test are more
accurate for high stiffness fiber composites at elevated temperatures [141]

The most dramatic area of mechanical improvement is in fracture toughness and analysis for fracture
performance in Modes I and II at ambient and elevated temperatures provide significant insight into

mechanisms of pGNP reinforcement. At 20°C, Mode I fracture is improved 146% and at 90°C, pGNP/CFRP
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showed Gic improvements of 126% on initiation. pGNP addition provides substantial increases to the strength
of the interlaminar region which—upon crack propagation—resulted in crack front deflection and elongation
which—in turn—increase the energy required to extend the crack in the stable, displacement-controlled
Mode I fracture. Due to the unstable crack propagation in displacement control mode, Mode II fracture was
unaffected by pGNP addition, at ambient conditions. At 90°C, pGNP/CFRP showed no decrease in Mode II
toughness compared to 20°C tests as a result of improved storage modulus, resulting in an overall 55%
increase in Mode II toughness at 90°C. interlaminar application of pGNP where the improved storage
modulus leads to fracture toughness increase at crack initiation. Mode II toughness has had mixed results in
literature. Reduction in Mode II toughness has been attributed to failure at matrix/GNP interface due to poor
interfacial bonding [69]. Examples of improvement of Mode II fracture have utilized methods of improving
the GNP interaction with the matrix [50]. CFRP nanocomposites typically exhibit complex internal structure-
property behavior due to interactions between the different constituents. Therefore, the difference in Mode 1
and Mode II fracture in this study show that pGNP particles provide a direct fracture toughness reinforcement
through various means: (i) matrix toughening, (ii) increased elastic properties in the interlaminar region at
elevated temperature, and (iii) pGNP particle causing crack deflection.

Investigation of pGNP properties as well as the interactions during composite curing show interaction
between pGNP and CFRP on a chemical level. DSC analysis shows pGNP interaction with polymer chain
motion, and examinations of fracture mechanics in this work and past studies shows the physical reenforcing
of GNP addition. Interlaminar application ensured effective dispersion and targeted pGNP loading at the
critical interlaminar region which provides a simple, controllable method of improving composite properties.
Surface functionality of pGNP and spray formulation are important in optimizing pGNP/CFRP. The
improvements shown in mechanical testing highlight the importance of a complete characterization of GNP

properties and how they interact with a composite system to explain and engineer GNP interactions.
10.5. Multifunctionality

EC and TC were optimized at 1.1 g/m? loading, with K22, k33, and ks maximized, showing 397%, 168%,
and 51% improvements, respectively. ki and K11 were maximized at 2.8 g/m? with 202% and 27%. K> was
reduced at all loadings tested. Decreases at higher loadings correspond with void formation. pGNP addition

increased EC in each principal direction, which is expected as interlaminar pGNP addition is able to improve
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the percolation of a conductive network between conductive carbon fibers. Void formation in these regions
interferes with the ability for conductive networks to form in the transverse and through thickness directions
while percolation along the fiber direction was unaffected.

The effect of increased temperature on electrical conductivity is noteworthy in two ways. First, kn
increases with increasing temperature while k22 and 33 decrease. Second, there is no change in k22 and K33
from 30°C-70°C and a slight decrease at 90°C while ki: shows a linear increase from 30°C-70°C and a
nonlinear increase at 90°C which indicated the percolation threshold has suddenly increased with
temperature. The sudden shift in performance indicates a phase change in the conductive nature of the
composite which has not been previously observed and warrants further explanation.

Increases in TC at 1.1-2.8 g/m? loading show that pGNP particles are well distributed and have good
interaction with the epoxy structure which supports the evidence that pGNP particles are well distributed and
bound to polymer chains. Higher loading appears to reduce the effectiveness of interactions. In the through
thickness direction, interlaminar pGNP are targeted in the thermally resistive region and particles are able to
percolate between the fibers, leading to the largest proportional increase in TC. This corresponds to increases
in interlaminar strength observed with fracture and short beam testing. The reduction in TC transverse to the
fiber direction is unexpected and contrasts with EC, where k., showed the largest increase.

TC is reliant on phonon transport between pGNP, the epoxy matrix, and carbon fibers, particularly at
material interfaces. Improved TC shows strong pGNP/matrix interaction at loadings which correspond with
increases in composite strength, stiffness, and fracture toughness. Poor interaction is evidenced by reduced
TC—along with a reduction in mechanical properties—which was observed at higher pGNP loadings.
Porosity is a cause for reduced TC as well as reduced mechanical properties. Agglomeration of pGNP has
been cited as the cause of poor filler-matrix interfaces which results in poor phonon transport at the interface
and a loss in heat transfer efficiency [9,10], however this dissertation shows that agglomeration may be the
result of poor filler-matrix interfaces, rather than the cause and that chemical interactions may result in void

formation.

10.6. Recommendations and Future Work

10.6.1.  Curing Chemistry

Isothermal and dynamic DSC show that pGNP addition reduces the peak heat flow and extends the
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curing time of the composite. The degree to which this is a result of energy going into crosslinking reactions
with SFGs and how much is related to pGNP mediating crosslinking reactions is a subject for further study.
Likewise, void content may be a result of pGNP agglomeration but may also result from chemical interactions
between pGNP and the curing epoxy. The interactions in this dissertation observe that reactions are occurring
on a high level, a more detailed examination of the interactions between pGNP SFGs is warranted to more
completely understand the reactions occurring and how to utilize them in engineered applications.

10.6.2. Expanded Polymer Systems

Chapter 9 detailed the status of ongoing work with PA6/GF composites. Continuation of this work
will provide further detail on pGNP polymer interactions and insight into how pGNP can be integrated with
thermoplastic polymers through molding and in-situ polymerization.

The CFRP system used in this dissertation showed a decrease in fracture toughness in the 7 region,
which is consistent with other CFRP systems tested [42], however other CFRP systems have not shown
weakening due to the 7} transition [43]. Examining the impact of pGNP addition on systems without a T}
transition would be informative in highlighting interactions with polymers with different backbone and side-
chain structure.

Expanding the study, as performed in this dissertation into other composite systems would also be
valuable. Other thermoset polymer matrixes—such as polyurethane and phenolic—will provide more
information on pGNP interactions which will be valuable for engineering multifunctional composites. The
strong interaction between pGNP and the epoxy resin is likely related to Van der Waals interactions with
aromatic rings in bisphenol A. Diisocyanates in polyurethane systems also contain aromatic rings, and
crosslink with functional groups found in pGNP, making polyurethane an interesting target for continued
study. Thermoplastic materials such as aramid and PEEK—with significant backbone aromatic groups—
also present a promising target for pGNP utilization. Examining manufacturing methods beyond
interlaminar application to prepregs has wide applications, as resin transfer molding is less costly than
prepreg fabrication and is widely used in industry [156,157].

10.6.3.  Expanded Temperature Ranges

DMA results showed a 47% increase in E’ in the rubbery state, after 7. This suggests mechanical

improvements at temperatures above 7¢ which warrant further investigation. Similarly, interlaminar pGNP
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addition increases the ductility of the epoxy matrix and the DPZ during fracture, which has potential
applications at lower temperatures where materials are more brittle. Examining mechanical behaviors at
higher and lower temperatures than were studied in this dissertation is recommended.

At 90°C, the percolation threshold of the composite in ki1 is increased, highlighting a phase change in
the conductive behavior of the nanocomposite separate from the mechanical behavior of the material. This
has potential applications for smart materials and SHM.

10.6.4.  Anisotropic Properties

Composite samples in this study were unidirectional in order to examine the behavior in three axes with
respect to the fiber direction. The potential of engineered anisotropic conductivity is apparent, as the sample
tested shows significant anisotropy in thermal and electrical conductivity. Although the pGNP in this study
was applied uniformly throughout composite samples, variations in loading could provide targeted properties
not possible with GNP dispersed in resin used in RTM. For example, pGNP loading between outer plies will
increase surface conductivity without increasing conductivity through the thickness of the composite.
Likewise, the potential to produce composites with increased EC without increased TC is indicated, and
further examination of pGNP/matrix interactions which increase and interfere with EC and TC are warranted.

Examining conductive behavior with stacking sequences more representative of manufactured
composite parts or with woven fiber composites would be informative. Likewise, examining the impacts of
glass fiber composite systems would remove the conductivity of the carbon fibers and would give different

behavior in each of the material directions.
10.6.5.  Electromagnetic Interference Shielding

There is a wide demand for non-metallic EMI shielding materials for military and consumer electronics
as well as for battery enclosures in electronic vehicles (EVs). For electronics, there is a demand for flexible,
lightweight, and corrosion resistant EMI shielding for lighter, more durable electronics. For EVs, EMI
shielding is necessary for battery enclosures which utilize high voltage batteries that create electromagnetic
(EM) impulses during AC/DC conversion that can impact the on-board electronics and therefore must be
shielded from the rest of the vehicle using special battery enclosures. These battery enclosures in turn must
provide fire resistance in the event of cascading thermal runaway of the battery pack that can cause severe

thermal damage to the vehicle. Therefore, low electrical conductivity presents a significant hazard in the
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event of a thermal runaway of the batteries [65,158—161] along with the lack of EMI shielding for onboard
electronics. The use of isolated solutions, such as EMI shielding wire mesh and fire protective insulations
add parasitic weight, while wire meshes causes concerns due to galvanic corrosion.

pGNP, as demonstrated in this dissertation, has applications in both of these fields. For electronics,
interlaminar pGNP can be explored for composite electronics housings, or applied to Mylar and Kapton films.
For EV manufacture, interlaminar GNP can provide novel material formulations that can synergistically
provide multifunctional properties to achieve the required thermal and electrical conductivities along with

improved mechanical performance.
10.6.6. Lightning Strike Protection

Lightning strikes represent a major hazard for aircraft with composite airframes, as airframe construction
transitions to CRFP and other composite structures the effects of lightning strike on composite materials
becomes more critical and lightning strike protection (LSP) systems must be implemented [162]. Metal
aircraft frames are highly conductive and are able to withstand the high currents from lightning strikes
[158,163,164] Composite materials have electrical conductivities on the order of 0.01-1 S/m [95]—orders of
magnitude lower than metals (10-58 MS/m) [165]—and the low conductivity can present a significant hazard
in the event of a lightning strike [158—161]. Carbon fiber reinforced plastic (CFRP) stands out as a leading
composite for aircraft structures because of its high strength and low weight but has issues with galvanic
corrosion when using aluminum LSP materials, requiring either a fiberglass intermediate material or copper
LSP conductors, both of which increase weight [161]. The current state of the art for LSP in composite
manufacturing utilizes metallic materials in the form of meshes, foils, or fibers integrated with the composite
material. These materials have drawbacks such as integration costs, debonding, high repair costs, and
parasitic weight [162].

The interlaminar spray application of pGNP as shown in this dissertation presents a solution to these
obstacles. Improvements to EC and TC suggest a significant improvement in LSP. While interlaminar
coatings may be effective, there is also potential to explore surface loadings at higher densities than would

be mechanically favorable for interlaminar mechanical properties.
10.6.7.  Smart Materials

Interlaminar pGNP addition presents several novel opportunities for the development of smart materials,
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composites with enhanced electronic abilities such as SHM or structural capacitors. SHM has been explored
with GNP and other nanomaterials and has clear applications for pGNP. Interlaminar pGNP can be
instrumented for live resistance measurements at the conductive ply-to-ply interfaces of glass fiber laminates
and in-situ monitoring can be achieved, providing strain and damage data. This allows for microscopic
damage nucleation and propagation during fatigue life of a composite to be effectively monitored prior to
composite failure. Changes in the conductivity of an interlaminar conductive layer in a composite occur
across three distinct regimes; first: linear, reversable piezoresistivity which works as an embedded sensor
showing strain in the composite which is not correlated to interlaminar damage, and which returns to the
original, unstrained value. Second: nonlinear, irreversible resistance increase, which results in a reduction of
conductivity from an unstrained value can indicate the development of fatigue and microscopic damage,
when compared to the undamaged configuration. Finally: critical damage, which is detected through a
significant change in conductivity, indicating opening and closing of delamination cracks or fracture of
composite plies. There is significant potential in utilizing pGNP to monitor composite structures, both in
research and commercial application.

Similarly, structural capacitors provide energy storage through composite structures. Frequently this is
achieved by stacking conductive carbon fiber layers with non-conductive glass fiber, and as such
delamination is a common failure mode owing to the difference in fiber properties. The use of carbon
nanoparticles has been proposed as a means of fracture improvement [166,167] which corresponds with the
results of this dissertation. The addition of pGNP, percolated with a carbon fiber layer, could increase the
functional surface area of the conductive layer which would have a positive impact on capacitance [166].

GO has been used as an insulator, but GNP has not been studied as a conductor [167]. Study of CNT in
structural capacitors found that mechanical performance was improved by grafting CNTs on the carbon fibers
but there were inverse effects on their electrical properties due to the high viscosity of the non-aqueous,
epoxy-based electrolyte, which restricts the access of electrolyte into mesopores on the surface of CNT. As
such the introduction of CNTs into CFRP electrodes was not recommended [167]. Given the lateral, 2D
structure of pGNP, the pore size issue would not be a factor, and pGNP offers a higher specific surface area
and better fracture resistance than CNT. Interlaminar pGNP could be used to produce conductive surfaces or

interlaminar films on a dielectric separator composite material for energy storage. The use of GNP in
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structural capacitors and structural batteries has not been studied and presents an opportunity for novel

research.
10.7. Summary

It was the goal of this work to show a more detailed description of graphene/polymer interaction than
has been previously shown and to highlight how chemical, mechanical, electrical, and thermal analysis can
be used to characterize these interactions.

pGNP was shown to be a more available, lower cost alternative to mineral in Chapter 4. Chemical
analysis and electron microscopy showed pGNP to have structure and morphology similar to mineral
graphenes while having distinct properties which were used in later chapters to provide more effective
integration with CFRP than has been shown with mineral graphene or with graphene oxide. Analysis of the
cradle-to-gate environmental impact of pGNP shows that the production of a plant-based material is
significantly less environmentally impactful than production of conventional graphene.

Spray application was presented as a means of nanoparticle application with benefits over other methods
in Chapter 5. Key factors of suspension formulation were described as particle dispersion, surface
energy/wetting, and viscosity, and method for creating an engineered suspension is shown. The improvement
in dispersibility of pGNP over mineral graphenes was shown. Spray application is demonstrated as a means
of achieving even, low loadings of pGNP to the interlaminar region of composites, a key factor for success
in application.

The mechanical and multifunctional benefits of pGNP application were detailed in Chapter 7 and
Chapter 8, building on demonstrations of curing kinetics in Chapter 6. The impacts to curing kinetics build
on chemical analysis of pGNP and show that there is significant interaction between pGNP and the epoxy
matrix on a chemical scale, affecting crosslinking and polymer structure. This strong integration with the
CFRP system leads to significantly improved mechanical properties at ambient and elevated temperature.
This result also presents methods such as DMA and high temperature mechanical analysis as a means of
evaluating nanoparticle/matrix interaction. Increases to EC and TC also highlight the effectiveness of
nanoparticle/matrix interaction, which can be used as a tool for understanding nanoparticle/matrix interfaces.

The roots of particle agglomeration in graphene/surface interactions—frequently attributed to difficulty

in graphene utilization—were examined. In previous works, nanoparticle agglomeration has been described



111

as a cause of poor particle matrix interactions, void formation, and loss of composite properties. The work of
this dissertation has shown that nanoparticle/matrix interactions can be optimized, and that agglomeration
may be the result of poor nanoparticle/matrix interaction, rather than the cause. Additionally, observations
such as void formation may be the result of chemical interaction which have not previously been observed.
While the above results were shown using pGNP in a CFRP system specifically, it is the goal of the
author to present a method for utilization of pGNP and other nanomaterials in composites in general, as well
as in other manufacturing applications. The work of Chapter 9—which is ongoing—shows how the results

of the preceding chapters can be applied to alternate polymer systems with different target properties.
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