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We report a method of increasing fracture toughness (KIc) and strain energy 

release rate (GIc) of vinyl-ester (VE) matrix by adopting a hybrid (dual) reinforcement 

strategy. The idea of using this strategy was to trigger intrinsic polymer-nanoparticle 

interaction such as carbon nanotube (CNT) pull-out and interface sliding to enhance 

energy absorption during fracture. Additionally, we included a second reinforcement, 

graphene nanoplatelets (GNP), to promote crack-deflection, crack bridging and cross-

linking density. Both reinforcements were dispersed into the polymer in three states: non-

functionalized (nf>); functionalized with COOH (f>); surface-treated with Triton X-100 

(TX100). We embarked on numerous experiments with many combinations of these 

variables.
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We measured KIc and GIc using ASTM D5045-14. We conducted an exhaustive 

iterative investigation with three systems (f>CNT-VE; f>GNP-VE; f>CNT-f>GNP-VE) 

to determine the best weight-percentage for the nanocomposite system that produced the 

highest KIc and GIc values when compared to neat-VE. We found that 0.5wt% f>CNT 

with 0.25wt% f>GNP in the VE matrix resulted in the highest fracture toughness values 

and was termed the optimized hybrid nanocomposites (OHN) system. Subsequently, we 

explored further increasing the KIc and GIc of OHN through altering the nanoparticle 

surface characteristics, which led to four OHN groups: f>CNT-f>GNP-VE; f>CNT-

f>GNP-TX100-VE; nf>CNT-nf>GNP-TX100-VE; nf>CNT-nf>GNP-VE. We 

discovered that the OHN group with non-functionalized nanofillers that were TX100 

surface treated (0.5wt%nf>CNT-0.25wt%nf>GNP-TX100-VE) generated the greatest 

improvements in KIc and GIc. 

Ultimately, we observed that the KIc of neat-VE increased by 65%, from 1.14 to 

1.88 MPa*(m½). The improvement in GIc was even greater with an increase of 166%, 

from 370 to 985 J/(m2). Differential scanning calorimetry (DSC) and dynamic 

mechanical analysis (DMA) studies showed a minor shift in glass transition temperature 

(Tg) by up to 8°C when comparing neat-VE specimens to OHN specimens. A similar 

increase in maximum thermal decomposition temperature (Tp) of up to 8°C was observed 

through thermogravimetric analysis (TGA) and derivative TGA (DTG). Scanning 

electron microscope (SEM) studies revealed that the source of improvements in fracture 

toughness and thermal properties was primarily the three-dimensional hybrid 

nanostructures (3DHN) that formed by binding CNT and GNP together, which caused an 

increase in nanoparticle surface area and inhibited agglomerations. 
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CHAPTER 1. INTRODUCTION 

Since the discovery of carbon nanotubes (CNT) by Iijima [1], researchers have 

employed inorganic nanoparticles in composites in order to improve the mechanical, 

electrical and thermal properties. The four main types of nanomaterials utilized in 

composites are CNT, graphene nanoplatelets (GNP), nanoclay and nanosilica. Polymer 

resin-based composites with nanoparticle inclusions (nanocomposites) are widely 

considered the future of engineering materials because of their attractive properties, such 

as: strength-to-weight ratio, resistance to corrosion, durability, radar transparency, non-

magnetic quality, design flexibility attribute, low thermal conductivity and dimensional 

stability. 

One of the most important criteria in the selection of a material for use in 

engineering design is the fracture toughness, also known as the damage tolerance of the 

material. Epoxy resins are intrinsically low in damage tolerance and are prone to brittle 

fracture. Enhancing fracture toughness of these polymer nanocomposites is an intense 

and continuing effort over the decades. Polymer chains, by virtue of their configuration, 

physical dimension and ability to network during the cure process, offer a unique 

advantage to manipulate their structure formations at nanoscale. If tuned appropriately, 

such formations can be conducive to improved fracture toughness. 

When considering polymer resins for this research, we have chosen vinyl-ester 

(VE) resin, which is the most appropriate choice for marine applications. VE has fewer 

open sites within its molecular chain than other epoxy resins, making it more resistant to
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water penetration and subsequent degradation in a saltwater environment. In addition, 

research has shown that VE nanocomposites have improved hygrothermal properties over 

traditional composites [2]. Since VE is more able to absorb impact without damage than 

other polymers, this research seeks to further investigate and enhance the fracture 

toughness of VE through inorganic nanoparticle inclusions. 

VE was first employed in marine applications during the 1940s in numerous types 

of small boats, which eventually led to its predominate use in recreational watercrafts [3]. 

Today, manufacturers fabricate about 90% of all recreational boats utilizing glass fiber 

reinforced polyester or glass fiber reinforced vinyl ester [4]. After VE became 

commercially availability in the 1940s, the Navy started to implement composites and 

carbon fiber reinforced epoxies. The most important qualities for naval use of composites 

are the high strength-to-weight ratio, light weight and reduced (non-metallic) radar 

profile. The light weight allows vessels to have longer ranges and reduced costs, all while 

maintaining the same strength and durability. The other added benefit of a reduced radar 

profile is that it makes vessels more able to evade detection, which sets VE composites 

and other composites as the material of choice for future naval vessels. 

With the main failure of marine structures being caused by impact forces, the 

amelioration of the fracture toughness and damage tolerance of marine structures is 

highly important [5]. Because inorganic nanoparticles have higher moduli, inclusion of 

such nanoparticles into polymers usually results in higher stiffness but nominal 

improvement in strength and fracture toughness. The idea in this research is to implement 

a hybrid (dual) inclusion strategy to enhance the fracture and mechanical properties of 

VE-based nanocomposites. These inclusions encompass CNT and GNP dispersed into 
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VE resin. We expect that dispersed CNT will assist interface sliding of polymer 

ligaments and also act as a crack bridging mechanism. On the other hand, we believe that 

GNP will blunt crack tips due to their platelet structures, and if exfoliated sufficiently, 

will increase cross-linking density. The hybrid inclusion in tandem will control both large 

and segmental chain mobility of the polymer to induce high strength, high modulus and 

large deformation characteristics leading to enhanced fracture toughness. A 

comprehensive review of past research on improving fracture toughness in 

nanocomposites also shows that an inclusion of approximately 0.1wt%-GNP and 

0.5wt%-CNT individually produces the highest average increase in GIc [6]. 

A VE nanocomposite material, specifically tailored to resist both the harsh 

saltwater environment and catastrophic fracture, can considerably advance the materials 

exploited in the ocean and mechanical engineering fields. From ship hulls to underwater 

turbine blades, the enhancement of marine structures through the use of nanocomposites 

represents a promising and burgeoning area of study.
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CHAPTER 2. LITERATURE REVIEW 

 We undertook an extensive review of various topics related to this research. We 

located many associated theses and dissertations, books, conference and journal papers, 

manuals, standards and other literary volumes. We learned from this literary review prior 

to planning and commencing experimentation in this investigation. 

2.1 Polymer Matrix 

Polymers are broadly defined as long-chain molecules with high molecular 

weight. In order to be considered a polymer, a substance should have a minimum 

molecular weight of 25,000 g/mol to allow the onset of entanglement of polymer chains 

[7]. These chains form a skeletal structure, and Figure 1 visualizes the different types of 

skeletal structures seen in polymers. 

Linear polymer structures have two distinct ends, while branched polymer 

structures have side chains. Network polymer structures, on the other hand, have three-

dimensional structures that have chains linked to each other at junction points. The 

number of junction points per unit volume describes the cross-link density of the 

polymer, which is a significant feature in determining its rigidity. A low cross-link 

density polymer is inherently much more flexible than its high cross-link density 

counterpart [8]. 

Moreover, Figure 2 demonstrates that polymers can be classified into three major 

groups. Thermoplastics can be further divided into crystalline and amorphous plastic 

polymers. Thermoplastic polymers are composed of linear or branched chains and can be
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 melted and remoulded by heating up the polymer. Elastomers have a network structure 

with a low cross-link density, and they fittingly are referred to as “rubbery” polymers for 

their ability to deform and spring back with the application and release of force, 

respectively. Lastly, thermosets have a network structure with a high cross-link density, 

making them rigid upon curing. Once the polymerization and cross-linking of the 

thermoset polymer has occurred, the polymer cannot be melted or remoulded [7-9,87-88]. 

Also due to the thermoset polymer’s structure, it is not possible for the original material 

to change state at temperatures below that which thermal decomposition occurs, and as 

such, there are no notable physical transformations in the material before decomposition 

[7,87-88]. 

Figure 1: Skeletal structures of polymers. 

 

Figure 2: Classification of polymers. 
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Unlike other structural materials, polymers have two distinct parameters that 

adversely affect their mechanical properties. These are the loading rate and ambient 

temperature. With respect to the latter, there are two critical temperatures to be aware of 

in polymers. They are the glass transition temperature (Tg) and the melt temperature (Tm), 

also known as the freeze temperature (Tf). 

Amorphous polymers only have a Tg, and semi-crystalline polymers can have 

both a Tg and Tm. Figure 3 shows specific-volume(the reciprocal of density)-temperature 

curves for both amorphous and semi-crystalline polymers. At temperatures below the Tg, 

polymers exhibit a hard, glass-like state and tend to be less ductile and more brittle. 

Furthermore, semi-crystalline polymers demonstrate a denser, crystalline state at these 

lower temperatures. 

Around the Tg and as temperature continues to increase, amorphous polymers 

begin to transition to a softer and more rubbery material. Above a temperature range 

around the Tg, the polymer’s mechanical properties change rapidly, and the modulus of 

the polymer can reduce by many orders of magnitude. If load is applied to the polymer in 

this soft, ductile state, there is an instantaneous, elastic deformation followed by a slow, 

viscous deformation [4]. Studies have found a decrease in stiffness of around three orders 

of magnitude at the glass transition temperature, which makes it a very important 

parameter in characterizing the mechanical behavior of amorphous polymers [10]. After 

continued increase in temperature, both semi-crystalline and amorphous polymers will 

reach a liquid state. In the case of the semi-crystalline polymer, it will transition rapidly 

to a liquid state after reaching the Tm (Tf), as Figure 3 illustrates. 
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2.2 Vinyl-Ester Thermoset Polymer 

Since its introduction, vinyl-ester (VE) has been used in military/defense, energy, 

structural, coatings, adhesives, aerospace, electronics, automotive and marine 

applications because it combines the best properties of epoxies and polyesters. Although 

structural and chemical modification of the VE resin can be made to suit certain 

applications, manufacturers fabricate the most frequently used VE resins via the reaction 

of bisphenol-A glycidyl-ether as the epoxy and methacrylic acid as the unsaturated 

carboxylic acid, with heat as the catalyst for the reaction [12]. Figure 4 illustrates the 

reaction creating VE resin and the chemistry of a VE resin. 

The important advantages of VE over other polymers are the following: increased 

resistance to damage/impact, increased resistance to corrosion and ambient 

environmental conditions, less shrinkage upon curing, increased strength and improved 

hygrothermal properties. Steric Shielding and the unsaturated ester sites at the end of the 

Figure 3: Specific volume-temperature curves: behavior and state as (1) semi-crystalline 

and (2) amorphous polymers are cooled [11]. 
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VE polymer chain are key aspects which enhance the resistance to moisture absorption, 

corrosion and hydrolytic attack [11]. 

2.2.1 Vinyl-Ester Cross-Linking and Network Formation 

VE is a network polymer with three-dimensional polymer (3D) chains connected 

together at junction points. VE is characterized by its cross-link density, which translates 

to the number of junction points per unit volume. The monomer, styrene, is dissolved in 

VE resins, which not only reduces the viscosity of the resin but also enhances the 

workability of the material before curing. As Figure 5 displays, the added styrene serves 

the important purpose of reacting with the VE during, what is termed, free radical 

copolymerization. The free radical, styrene, forms cross-links between chains of VE at 

Figure 4: Chemical structure of vinyl-ester resin (asterisks denote unsaturation points – 

reactive sites) [4]. 
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their unsaturated points (double bonded Carbon molecules at both ends of VE). Most 

commercially and industrially utilized VE resins contain 30 to 50 wt.% styrene and 50 to 

70 wt.% vinyl ester oligomers [4]. 

An initiator system is used to start the polymerization and copolymerization 

reaction, and the most commonly employed VE initiators are Methyl Ethyl Ketone 

Peroxide, Benzoyl Peroxide and Cumene Hydroperoxide [12]. Dissolution of the 

initiators is further affected by heat and/or accelerators. These accelerators speed up the 

decay of the initiator, and thus speed up the polymer reaction. Commonly utilized 

accelerators are tertiary amines (dimethylaniline and diethylaniline) and metallic soaps 

(cobalt or manganese octoate or naphthenate) [12]. The time to onset of gelation of VE is 

contingent on the concentration of free radicals, concentration of initiators and/or 

accelerators and the exploitation of heat [12]. Increasing any of the previously listed 

variables will compress the time to onset of gelation [12]. 

Figure 5: Schematic representation of cross-linked vinyl-ester resin [4]. 
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As gelation begins, and the gel point is reached as the polymer quickly changes 

viscosity and loses fluidity. As previously mentioned, VE is a thermoset polymer, and 

once it reaches its gel point, the reaction is irreversible. Post-copolymerization can still 

occur by trapped radicals reacting with oxygen, cyclization, intramolecular cross-linking 

and microgelation [13]. 

2.2.2 Vinyl-Ester Toughening 

Elastomeric fillers and modifiers have long been employed to enhance the 

fracture toughness of polymers. More recently, nanomaterials such as CNT, GNP, 

nanoclay, nanosilica, etc. have shown promising results in increasing both the plain-strain 

fracture toughness (KIc) and the critical strain energy release rate (GIc). 

The ideal parameters of elastomeric fillers and modifiers that are best suited to 

fracture toughness improvement in polymers, are having the reactive functional groups to 

be miscible with the thermoset components of the polymer before cure and to precipitate. 

Also, to form a uniformly distributed elastomeric microphase in the thermoset polymer 

matrix. Furthermore, VE toughness can be enhanced by integrating carboxyl (COOH) 

terminated fillers and modifiers [12]. Table 1 presents KIc and GIc values for various 

polymers, including the specific polymer resin (DERAKANE 8084) used in this research. 
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2.2.3 Vinyl-Ester and Fiber Composites 

 The numerous hydroxyl (OH) groups along each VE chain, as seen in Figure 5, 

easily establish hydrogen bonds with similar chemical groups. Because the surface of 

most carbon fiber and other fiber material contain many carbonyl and hydroxyl groups, 

VE forms strong hydrogen bonds with the fiber material. These hydrogen bonds allow for 

strong adhesion to fiber surfaces [4]. 

It is well known that the polymer resin is the “weakest link” in fiber composites 

and increasing the toughness of the polymer resin leads to a composite with a greatly 

enhanced damage tolerance. A more damage tolerant VE, through the utilization of 

Polymer KIc (MN/m3/2 = MPa*m1/2) GIc (J/m2) 

DERAKANE 8084 1.15 432 

a+ modified polybutadiene 2.22 1948 

DERAKANE 411-45 (45wt% styrene) 0.72 157 

c+ modified polybutadiene 1.71 1234 

c+caprolactone modified PLP 2.97 2940 

Novolac epoxy acrylate-styrene 0.54 63 

f+caprolactone modified RLP 1.79 1628 

Poly-ester 0.60 110 

Epoxy (DGEBA +H137i) 0.65 163 

Epoxy (Epon 862) 0.56 113 

Epoxy (ML-506 +HA-11) 1.62 833 

Epoxy (Araldite LY-564) 0.75 200 

Epoxy (DGEBA LY-556) 0.69 133 

Epoxy (DGEBA MHHPA) 0.55 89 

Epoxy (ML-526 Bisphenol-A) 0.97 350 

Table 1: KIc and GIc for several polymeric materials used in composites and 

nanocomposites [6,14]; vinyl-ester resin used in this research is bolded. 
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nanoparticles and the efficient load transfer from polymer matrix to fiber composite, 

ultimately produces nanocomposites less susceptible to damage and more able to restrain 

flaws, cracks and damage within the nanocomposite. 

2.3 Nanoparticles 

Nanoparticles, which include inorganic and organic materials, have been utilized 

for decades to enhance the mechanical, electrical and thermal properties of thermoset 

polymers. Among the four main types of nanoparticles, this research and more 

specifically this literary review is focused on inorganic, carbon-based nanoparticles. 

Also, past research has shown that the addition of singular nanoparticle types, like CNT 

and GNP, magnify the fracture toughness of the polymer through crack bridging, crack 

tip blunting, crack-deflection, platelet debonding, interface sliding, pull-out, etc. [15-38]. 

Carbon based nanoparticles are further categorized by their dimensionality of 0-

D, 1-D, 2-D and 3-D. Figure 6 exhibits the different types of carbon nanostructures and 

their respective dimensionality. The two types of nanoparticles we implemented in this 

research were carbon nanotubes (CNT) and graphene nanoplatelets (GNP). CNT is 

considered a 1-dimensional (1-D) structure because the diameter of the tube is 

insignificantly small in comparison to the length of the tube. GNP is considered a 2-

dimensional (2-D) structure because it has similar dimensions in the x and y planes, but it 

is atomically thin. This means that it lacks much dimension in the z plane (third 

dimension). 
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2.3.1 Carbon Nanotubes (CNT) 

Carbon nanotubes (CNT) are an allotrope of carbon, in which the carbon atoms 

are arranged in a cylindrical manner and can be visualized as rolled sheets of graphite. 

CNT are considered one-dimensional (1-D) nanostructures because of their high length-

Figure 6: Molecular models of different sp2 types of hybridized carbon nanostructures 

exhibiting different dimensionalities, 0D, 1D, 2D, 3D: (a) C60: Buckminsterfullerene; (b) 

nested giant fullerenes or graphitic onions; (c) carbon nanotube; (d) nanocones or 

nanohorns; (e) nanotoroids; (f) graphene surface; (g) 3D graphite crystal; (h) Haeckelite 

surface; (i) graphene nanoribbons; (j) graphene clusters; (k) helicoidal carbon nanotube; 

(l) short carbon chains; (m) 3D Schwarzite crystals; (n) carbon nanofoams 

(interconnected graphene surfaces with channels); (o) 3D nanotube networks; (p) 

nanoribbons 2D networks [39]. 
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to-diameter ratio, alternatively known as the aspect ratio. CNT have been found to have 

the greatest aspect ratio of any recognized material, at up to 132,000,000:1 [40]. 

As Figure 7 reveals, carbon nanotubes are structured by how the graphene sheets 

are folded or rolled. They are depicted by the chiral vector and chiral angle. The chiral 

Figure 7: Carbon nanotubes can be formed by rolling/folding graphene sheets along 

lattice vectors and angles (a) honeycomb structure schematic of a graphene sheet. The 

two basis vectors, a1 and a2, are shown.; (b) armchair (8,8) tubes; (c) zigzag (8,0) tubes; 

(d) chiral (10,-2) tubes [126]. 
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vector is formulated in Equation 1, where a1 and a2 are unit vectors in a two-dimensional 

graphene sheet and n and m are integers termed chirality numbers. Furthermore, the 

chiral angle is shown in Equation 2, where the integers, n and m, are again used and are 

defined as the angle between the zigzag vector and chiral vector. Additionally, chiral 

angle values are as follows: 0° ≤ θ ≤ 30°. 

𝐶ℎ = 𝑛𝑎1 + 𝑚𝑎2         (1) 

𝜃 = tan−1 [
√3𝑚

2𝑛+𝑚
]         (2) 

The three main CNT structures, also depicted in Figure 7, are armchair, zigzag 

and chiral tubes. For two of the three main tube types, the chirality numbers adhere to the 

following: n = m ≠ 0 (armchair); n ≠ 0 and m = 0 (zigzag). In armchair tubes, the C-C 

bonds of each hexagon are perpendicular to the tube’s axis. In zigzag tubes, two opposite 

C-C bonds of each hexagon are parallel to the tube’s axis. If the C-C bonds are at an 

angle with the tube’s axis, the tube is called a chiral tube [4]. Moreover, the carbon 

nanotube diameter is calculated by employing Equation 3, where the a0 = C-C bond 

length is equal to 1.42 Å [4-5,89]. 

𝑑 =
𝑎0√3

𝜋
√𝑚2 + 𝑚𝑛 + 𝑛2        (3)  

Chirality controls two important characteristics of carbon nanotubes, and these 

characteristics are material behavior and deformation characteristics. CNT can be 

metallic, quasi-metallic or semiconducting, where the determination is by the following: 

n = m (metallic); n ≠ m and nm ≠ 0 and n – m is a multiple of 3 (quasi-metallic); 

otherwise it is semiconductor. With respect to the deformation characteristics of CNT, 

chirality can be utilized to determine whether CNT will behave like a brittle or ductile 

material under loading conditions. At high strain and low temperatures, all CNT have a 
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brittle behavior, but at low strain and high temperatures, armchair (metallic) CNT can be 

partially or completely ductile. Furthermore, zigzag type tubes are expected to have a 

ductile behavior when n < 14, while larger tubes are completely brittle [41].  

CNT are also considered one of the stiffest and strongest known materials and 

their high mechanical properties are due to the sp2 bonds between each carbon atom. 

Furthermore, CNT are described as a high strength-to-weight material on account of their 

low density. Collins and Avouris [42] detailed the density of carbon nanotubes from 1.33 

to 1.40 g/cm3. A recent investigation into the tensile strength of CNT, demonstrated that 

the multi-walled carbon nanotubes (MWCNT) tested had a tensile strength between 11 to 

63 gigapascals and a Young’s Modulus, E, range from 270 to 950 gigapascals [43]. 

Additionally, a 2008 examination found that MWCNT exhibited a mean fracture strength 

greater than 100 gigapascals [44]. Despite CNTs’ high tensile and shell strengths, CNT 

are fairly weak in torsion, compression, bending and strength in the radial direction.  

With respect to the thermal properties of carbon nanotubes, they again indicate 

robust characteristics. CNT further demonstrate impressive thermal stability, resistance to 

oxidation, insulation lateral to the tube axis and thermal conductivity. TGA and DTG 

studies have revealed peak temperatures correlating with the maximum 

decomposition/oxidation rate were 695°C for CNT, 420°C for C60 (also known as 

Fullerene or Buckminsterfullerene) and 645°C for graphite [45]. Researchers have also 

estimated that the temperature stability of purified CNT in vacuum can be as high as 

2800°C and 750°C in air [46]. A 2006 study by Pop et al. [47] on CNT thermal 

conductance, found that a metallic single-walled carbon nanotube (SWCNT), 2.6 µm 

long and with a diameter of 1.7 nm, had an approximate thermal conductance of 2.4 
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nW/K and thermal conductivity of nearly 3500 Wm-1K-1 at room temperature. To put this 

into perspective, the thermal conductivities of pure copper and pure silver at 20°C are 

approximately 386 and 407 Wm-1K-1, respectively. 

2.3.2 Graphene Nanoplatelets (GNP) 

 Graphene nanoplatelets (GNP) are a crystalline allotrope of carbon, and as shown 

in Figure 8, GNP are individual sheets of graphite. GNP are characteristically described 

as two-dimensional (2-D) semi-metals, since they are infinitesimally thin with a thickness 

as small as the diameter of a singular carbon atom. Visually, GNP are arranged in a 

hexagonal lattice of bonded carbon atoms, where there is an individual carbon atom at 

each of the six vertices of every hexagon. Termed a six-member carbon ring, the 

hexagonal configuration represents the most efficient layout of carbon atoms in a 2-D 

structure. Because of GNP’s unique and remarkable properties, they have been studied 

and deployed recently (isolated in 2004) in polymer nanocomposite research [48]. 

The distance between each carbon atom in graphene is 1.42Å, which is again the 

same bond length or carbon atom distance previously mentioned with CNT [4-5,89]. 

Figure 8: The structural connection between graphite, graphene and carbon nanotubes 

[60]. 
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Each carbon atom in GNP has four bonds, and three of the four bonds are σ-bonded to its 

three neighboring carbon atoms [49]. The fourth bond is the weaker π-bond, which is 

oriented in the z-direction [49]. The π-bond hybridize to form π-bands and π*-bands, 

which are accountable for the significant electronic properties and high electrical 

conductivity of GNP [49]. The C-C bonds and bond length is conceptualized in Figure 9. 

GNP have a theoretical surface-to-mass ratio, specific surface area (SSA), of 

~2600 m2/g [50]. Furthermore, GNP demonstrate noteworthy mechanical, thermal, 

optical and electrical properties, but only the former two will be covered in this review 

because of the applicability to this research. 

In terms of the mechanical properties, graphene nanoplatelets are described as the 

strongest material tested. For bulk graphite, the following properties were measured: 

Young’s Modulus of E = 1.0 TPa; third-order elastic stiffness of D = -2.0 TPa; intrinsic 

strength of σint = 130 GPa [51]. Another related study performed static and dynamic 

measurements on 2 to 8 nm thick suspended graphite and extracted a Young’s Modulus 

a b 

Figure 9: (a) Triangular sublattices of graphene. Each atom in one sublattice (A) has 3 

nearest neighbors in sublattice (B) and vice versa [49].; (b) Arrangement and distance 

between carbon atoms in GNP [4]. 
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value of E = 0.5 TPa for discrete graphene sheets [52]. Zhang et al. [53] outlined that 

despite high intrinsic strength, graphene tends to fracture in a brittle manner and reported 

a critical stress intensity factor of K1C = 4.0 ± 0.6 MPa*m1/2 and a critical strain energy 

release rate of G1C = 15.9 J/m2. Other more recent studies have preliminarily indicated 

much higher fracture toughness and energy release rates for GNP. 

The peculiar thermal characteristics of graphene include a very high in-plane 

thermal conductivity and a relatively low out-of-plain thermal conductance [54]. 

Furthermore, GNP has a remarkably high theoretical melting point and is one of the most 

refractory, resistant to heat, materials known to exist. Los et al. [55] implemented 

nucleation theory and Monte Carlo simulations to pinpoint the theoretical melting 

temperature of graphene at 4510 K. Alternatively, Ganz et al. [56] used ab initio 

molecular dynamics calculations to theorize that graphene starts to melt at 5000 K. 

Although Balandin et al. [57] published a room-temperature thermal conductivity range 

for suspended single-layer graphene of 4840 ± 440 to 5300 ± 480 W/m*K, many other 

recently studied journal papers have found that it has a much lower room-temperature 

thermal conductivity. Cai et al. [58] announced the following thermal conductivities at 

the described temperatures of a suspended graphene monolayer: 370 (+ 650 / - 320) 

W/m*K at room-temperature; 2500 (+ 1100 / - 1050) W/m*K at ~350 K; 1400 (+ 500 / - 

480) W/m*K at ~500 K. Another study revealed the thermal conductivity of suspended 

single-layer graphene as ~1800 W/m*K near 325 K to ~710 W/m*K at 500 K [59]. 

Despite the wide range and outlier of thermal conductivity at room-temperature and at 

~350 K, graphene nanoplatelets display increased heat flow properties that make them 

useful in a myriad of advanced engineering applications. 
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2.4 Nanocomposites 

Nanocomposites are composed of polymers and nanofillers dispersed into a 

polymer matrix. These systems have garnered much notice and experimentation from the 

materials and scientific communities because of their enhanced properties over their 

polymer counterparts. Moreover, the nanofiller loading necessary to produce the 

ameliorated attributes is very low, usually less than 1.0wt%. The nanofillers are very 

compatible for dispersion and inclusion into the polymer matrix during fabrication. For 

these and other reasons, polymer nanocomposites continue to be studied for engineering 

applications. 

2.4.1 Carbon Nanotube/Polymer Systems 

Past researchers first utilized CNT for the enhancement of the mechanical, 

electrical and thermal properties in polymers. As explained earlier, CNT are considered 

one of the strongest and stiffest known materials and are small enough to be employed as 

a filler. Consequently, it was and still is a logical hypothesis that CNT, homogenously 

dispersed into a polymer matrix, would drastically improve the various properties. 

In 2015, Domun et al. [6] investigated and reviewed the current-to-date studies on 

improving the fracture toughness and strength of polymers using four different types of 

nanoparticles. The investigated nanoparticle types included CNT, GNP, nanoclay and 

nanosilica. Within each type of nanoparticle, there were assorted classes like multi-

walled carbon nanotubes (MWCNT) and single-walled carbon nanotubes (SWCNT). 

Furthermore, Domun et al. [6] compared the results from each past study in a 

concise table for each nanoparticle type. All the results from every nanoparticle type were 

displayed in three separate color and symbol-coded graphs for the enhanced results of 



21 

GIc, the Young’s Modulus (E) and the ultimate tensile strength (UTS). These three graphs 

are illustrated in Figures 10, 11 and 12. Our review of past studies on CNT-polymer 

systems demonstrated an increased stiffness, Young’s Modulus (E) and fracture 

toughness at paper-specific loadings [6,15-21,24-25,37]. The literature review of CNT-

polymer systems has consistently reported that a CNT loading of approximately 0.5wt% 

augmented the fracture toughness properties of nanocomposites most effectively 

[6,15,17,21,24]. Moreover, Gkikas et al. [15] reported the highest KIc and GIc of 2.6 

MPa*m1/2 and 1300 J/m2, respectively (GIc for neat epoxy used in this study was 163 

J/m2). The highest fracture toughness achieved by the aforementioned study was through 

the inclusion of 0.5wt% of non-functionalized multi-walled carbon nanotubes (MWCNT) 

Figure 10: Graph of strain energy release rate (fracture toughness; GIc) of 

nanoparticle/epoxy nanocomposites with respect to particle loading [6]. 
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in a low viscosity epoxy resin [15]. Also, the study optimized the dispersion of the CNT 

through ultrasonication for two hours at 50% amplitude because higher sonication 

amplitudes were described as destructive to the CNT [15]. 

2.4.2 Graphene Nanoplatelet/Polymer Systems 

In recent years, a considerable amount of research has focused on improving the 

mechanical properties and fracture toughness of polymers by impregnating them with 

various forms of graphene nanostructures. Through a review of past research, Zaman et 

al. [29] reported a more than 200% improvement in the GIc over neat epoxy by including 

4.0wt% surface modified graphene nanoplatelets. This was the most substantial GIc 

enhancement found in studies when singularly including graphene in epoxy. Zaman et al. 

Figure 11: Graph of stiffness (E) of nanoparticle/epoxy nanocomposites with respect to 

particle loading [6]. 
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[29] showed that functionalization of GNP can lead to further improvements in the 

fracture toughness of the overall nanocomposite. 

Although the impressive GIc improvement found in the previously referenced 

study was at a 4.0wt% loading, the majority of the improvements in graphene-polymer 

systems occurred at graphene loadings between 0.1wt% and 0.5wt%. Furthermore, past 

research and review of Figures 10 through 12 shows the most consistent fracture 

toughness, stiffness and ultimate tensile strength enhancements occurred near 0.10wt% 

graphene inclusion [6,26-35,38,61-62,89]. Studies also revealed that graphene 

nanoplatelets and sheets were the superior nanofiller over CNT for mechanical properties 

and fracture toughness enhancement. This was likely because of their 2-D structure, high 

specific surface area and improved matrix adhesion with their rough surfaces [61]. 

Figure 12: Graph of ultimate tensile strength of nanoparticles/epoxy nanocomposites with 

respect to particle loading [6]. 
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2.4.3 Hybrid Polymer Systems 

 Until recently, nanocomposite investigations have broadly focused on employing 

a single nanofiller to increase the thermal, electrical and mechanical characteristics of the 

polymer. Researchers now posit that including two-or-more types of nanofillers into a 

polymer matrix has a synergistic effect, and the properties of the hybrid nanocomposite 

exceed those of nanocomposites with the inclusion of one nanofiller type. 

Zhang and Liu [63] published a review of the recent work on hybrid 

nanocomposites and determined that maximizing the function of nanohybrids in a 

polymer matrix requires the following: (1) a simple and processable method; (2) the 

carbon nanoelements in the hybrids should have strong interactions, which forms 

efficient load transfer between the nanofillers and polymer; (3) the nanostructured 

hybrids should show a much stronger interfacial interaction between the matrix and 

hybrid nanofillers. Furthermore, they highlighted 13 investigations into the synergistic 

effects of graphene and CNT hybrid inclusions in a polymer matrix [63]. 

Figure 13: Schematic representations of hybrid nanocomposites (a) [66] (b) [67]. 

 

a b 
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Li, Yang, Yu, Zheng and Liao [64] found that CNT dispersion in polymer 

matrices can be significantly improved by adding graphene sheets. Through their 

molecular dynamics simulations, they suggested that the graphene-CNT interaction was 

strong, and the nanostructure was thermodynamically favorable over agglomerations of 

CNT [64]. The same primary author, Yuanqing Li, later published a journal paper with 

Umer, Isakovic, Samad, Zheng and Liao [65] confirming the improved dispersion quality 

when graphene sheets and CNT are incorporated together. Moreover, they saw a 950% 

improvement in fatigue life and a 400% improvement in creep rupture life from the 

0.04wt%CNT-0.20wt%graphene-epoxy hybrid nanocomposite over the neat epoxy. 

Both Yu et al. [66] and Zhang et al. [67] established that a hybrid graphene-CNT 

nanofiller provided a synergistic effect, which drastically increased the thermal 

conductivity of the resulting polymer. These results are attributed to a more efficient 

percolating network with significantly reduced thermal interface resistance. The hybrid 

nanocomposite network from these two studies is schematically presented in Figure 13. 

As for the mechanical and reinforcement characteristics, almost all of the past 

examinations discovered impactful gains in the mechanical properties, and more 

specifically the fracture toughness, of hybridized nanocomposites over CNT-epoxy, 

graphene-epoxy and neat-epoxy composites. The difference between investigations came 

with the total nanofiller loadings and CNT-to-graphene ratios. Chatterjee et al. [68] 

observed that a CNT:GNP ratio of 9:1 with a nanofiller loading of 0.5wt% produced a 

76% improvement in the fracture toughness over the neat-epoxy. On the other hand, Yue 

et al. [39] pinpointed that the CNT:GNP ratio of 8:2 synergistically increased the flexural 

properties and reduced the electrical percolation threshold. Moosa et al. [69] uncovered 
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the best mechanical properties for hybrid nanocomposites when the CNT:GNP ratio was 

5:5 and 1:9 at a nanoparticle loading of 0.5wt%. Through a trial-and-error process, Wang 

et al. [70] found the best CNT:GNP ratio for ameliorating mechanical properties and 

fracture toughness to be 1:9. What is more, the researchers kept the 1:9 ratio and varied 

the nanofiller content and learned that the prime overall mechanical properties were at 

1.0wt% nanofiller content. They found that GIc was the greatest (100% improvement over 

neat-epoxy) at 1.5wt% nanofiller content. 

2.5 Dispersion of Nanoparticles in Polymers 

 One of the biggest hurdles in the advancement of nanocomposites is the problem 

of nanoparticle agglomeration or assemblage of nanoparticles. Nanoparticles, like CNT 

and GNP, tend to be attracted to each other because of van der Waals forces and π-π 

stacking. These attraction mechanisms facilitate the collection of nanoparticles into 

agglomerations, and if the nanoparticles are not homogenously dispersed into the 

polymer matrix, there is a negative effect on the mechanical properties of the 

nanocomposite. 

There are three main methods to disperse nanoparticles into a thermoset polymer 

matrix and there are two other dispersion procedures that other types of polymers avail. 

The first main method is ultrasonication, which is used to disperse nanoparticles into 

aqueous solutions and low viscosity polymers. The governing factors of ultrasonication 

are the power, mode and sonication duration. The second main dispersion technique is 

high-speed shear mixing which is applied in situations to disperse nanoparticles into oily 

solutions, soluble polymers and low viscosity polymers. The controlling components of 

high-speed shear mixing are the size and shape of the mixing propeller, mixing speed, 
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mixing time and viscosity of the solution. The last main dispersion procedure is 

calendering, which is mostly utilized on liquid polymers. The governing factors of 

calendering are roller speed and distance between adjacent rolls. One dispersion 

technique not used with thermoset polymers, prior to curing, is planetary ball milling, and 

it is suitable for use on powders. The other method of dispersion is extrusion, which is 

mainly employed on thermoplastics. Of these techniques, ultrasonication, planetary ball 

milling and high-speed shear mixing can and often do cause damage to the nanoparticle 

structures [71]. Dispersion of nanoparticles is not limited to one methodology, but rather, 

it frequently becomes necessary to employ more than one of the dispersion 

methodologies previously listed to attain the best results. 

In order to achieve the full potential of nanoparticle inclusion in a polymer matrix, 

it is necessary to have a high degree of nanoparticle exfoliation and a homogeneous 

distribution of the nanoparticles in the polymer matrix [72-73]. Absent of these two 

parameters, there will be a minimal effect on the mechanical properties, and in many 

cases, a non-homogeneous distribution of nanoparticles in a polymer matrix will lead to 

decreased mechanical properties. Highly dispersed nanoparticles have not only been 

shown to increase the mechanical properties of the nanocomposite, but also improve the 

thermal and electrical properties through an enhanced Tg and increased electrical 

conductivity, respectively [27]. 

2.5.1 Ultrasonication and Cavitation 

Ultrasonication, or sonication, is the one of the most often used methods to 

disperse nanoparticles into a polymer matrix. Sonication is the action of exerting sound 

energy to agitate and excite particles within a solution. The ultrasound frequency range 
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starts at 20 kHz and exceeds 200 MHz, and sonication is employed to disperse 

nanoparticles in the frequency range of 20 to 25 kHz. As the sound energy spreads 

through the medium, there are countless bubbles and air voids created. The negative 

pressure produced by the ultrasonic field enables the bubbles and voids to grow until 

becoming unstable and imploding. As visually presented in Figure 14, cavitation is 

representative of the process of creating, growing, collapsing and imploding of air 

Figure 14: Schematic representation of ultrasonic cavitation and implosion [75]. 
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bubbles. With the onset of bubble implosion, shock waves are generated and propagate 

through the medium. These shock waves promote the “peeling off” of individual 

nanoparticles from the outer-most regions of nanoparticle agglomerates, leading to more 

homogenous dispersion and less bundles of nanoparticles [74]. 

The two types of sonicators commonly utilized are water bath sonicators and 

probe/horn sonicators. Commercial and laboratory probe sonicators, like the one used in 

this research, have amplitude and power ranges of 20-70% and 100-1500 Watts, 

respectively [71]. Most probe sonicators taper to a small diameter tip, which focuses the 

output energy to a compact, conical area. The result is that the probe sonicator rapidly 

generates heat in one specific conical zone directly underneath the tip. To remediate the 

dissimilar heating and dispersion of the nanoparticle-polymer mixture, the probe tip must 

constantly be adjusted in a circular pattern to ensure that all nanoparticles are treated 

[11]. No part of the polymer is heated to the extent of causing premature curing [11]. 

2.5.2 Functionalization and Surface Modification 

 The reasoning behind nanoparticle functionalization and surface modification is 

two-fold, where the first is to prevent nanoparticle agglomeration and the second is to 

assist the nanoparticles to better bond to the polymer matrix. Additionally, there are two 

main approaches for functionalization and surface modification of nanoparticles: (1) 

direct covalent attachment of functional groups (COOH, OH, CH, NH2, NO2 and NO) to 

the nanoparticles and (2) noncovalent absorption of various functional molecules (such as 

surfactants, sodium bromide (DTAB), octyl phenol ethoxylate (Triton X-100) and sodium 

dodecyl sulfate (SDS)) onto the surfaces of nanoparticles [5]. A third approach for CNT 

functionalization is the endohedral filling of the inner cavity of CNT [60]. 
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2.5.2.1 Nanoparticle Functionalization and Carboxyl (COOH) Group 

Functionalization 

 Nanoparticles, such as CNT and GNP, are often surface treated with a variety of 

functional groups for a number of purposes. Among the purposes are the following: (1) 

improve their dispersion in the polymer matrix, (2) create better bonding with the 

polymer matrix, (3) increase their solubility in solvents and (4) join nanoparticles to form 

network structures [4]. 

The functional groups can be attached by covalent bonding or non-covalent 

interactions. In covalent bonding, the functional groups are bonded to the nanoparticle 

through chemical reactions (oxidation, fluorination, amidation, etc.). Covalent bonding is 

considered to provide better load transfer between nanoparticles and polymer chains [5]. 

On the other hand, non-covalent interactions may be necessary to functionalize 

nanoparticles when the electrical characteristics of the nanoparticle must remain 

unchanged. One of the only problems with covalent, acid functionalization in CNT is that 

the acid tends to cut the nanotubes, which significantly reduces the CNTs’ aspect ratio 

[4]. As discussed earlier, CNT aspect ratio is directly correlated with the nanocomposites’ 

mechanical results, so it is important to ensure that nanoparticles are adequately 

functionalized without damaging them. 

Figure 15: Chemical formula of the Carboxyl functional group. 
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For the carboxyl group, CNT and GNP receive an oxidative surface treatment, 

where carboxyl acid is applied to the surface of the nanoparticles via gas-phase or liquid-

phase oxidation. The carboxyl (C(=O)OH) group is an organic compound that has both 

carbonyl (C=O) and hydroxyl (OH) groups attached to the carbon atom, as visualized in 

Figure 15. The simple chemical groups usually attach to the carbon atoms of CNT and 

GNP at defect sites and at the ends of the nanoparticle. 

2.5.2.2 Surfactants, Surface Modification and Triton X-100 

 Surfactants are defined as compounds that lower the surface tension between two 

substances, whether it be two liquids or a liquid and a solid. Typically, a mixture 

composed of the surfactant, nanoparticles and solvent is produced. Then sonication is 

used to surface treat the nanoparticles with the surfactant. Recent studies [76-77] have 

shown that the typical surfactant dispersion procedure of sonication to assist the 

surfactant in nanoparticle de-bundling and de-agglomeration may not be as effective as 

thought. The outermost nanoparticles of an agglomeration tend to be surfactant treated, 

while the innermost ones go untreated and remain bundled [76-77]. As such, it is first 

necessary to mechanically exfoliate the nanoparticle agglomerations prior to surfactant 

functionalization [78].  

Lau et al. [79] studied the effects that different solvents had on the mechanical 

properties of the nanocomposite and found that the hardness and flexural strength slightly 

increased when using acetone and decreased when using ethanol or N-

dimethylformamide (DMF) as the solvent. They explained these results by referring to 

the boiling temperatures of the solvents and the difficulty of evaporating solvents with 
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higher boiling points, where the boiling temperatures were 153°C (DMA), 78.4 (ethanol) 

and 56.53 (acetone) [79].  

Rastogi et al. [80] conducted a comparative study on the nanoparticle dispersive 

power of four surfactants (sodium dodecyl sulfate (SDS), Tween 20, Tween 80 and 

Triton X-100) and concluded that Triton X-100 (TX100) enjoyed the best dispersing 

power. TX100 is a nonionic surfactant, or nano-detergent, which attaches itself and 

modifies the surface of CNT and GNP. This, in turn, reduces the nanoparticle 

agglomerations and improves the dispersion of nanoparticles in polymer matrices. The 

hydrophobic heads of TX100 tend to attach to the surface of nanoparticles, and the 

hydrophilic tails stick out from the platelet or tube. Figure 16(a) displays a visual 

representation of TX100, with the hydrophobic head and hydrophilic tail. 

Since TX100 exists in liquid form at room temperature, it is best utilized to 

surface modify nanoparticles through sonication and mechanical mixing in an aqueous 

solution. The three components of the solution are the solvent (i.e. water, acetone, 

ethanol, etc.), the nanoparticles and the surfactant. Through surfactant absorption and 

with the assistance of ultrasonication, nanoparticles are split and de-agglomerated from 

one another by an “unzippering” mechanism [81]. Moreover, the benzene ring (hexagon) 

in the center of the TX100 molecular structure in Figure 16(b) is the reason that TX100 is 

Figure 16: (a) Visual representation of a surfactant molecule; (b) chemical formula of 

Triton X-100. 

 

a b 
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a superior surfactant at dispersing CNT and GNP. The benzene ring structure results in 

TX100 being more able to adhere to graphitic surfaces like CNT and GNP. The π-π 

stacking type interaction causes this increased nanoparticle absorption [80,82].  

Furthermore, there is a certain concentration of surfactant in solution, termed the 

Critical Micelle Concentration (CMC), where micelles are formed. This is the first 

concentration at which it is thermodynamically preferable for surfactants to self-assemble 

into micellar aggregates [83]. Micelles are aggregates or spheres of surfactant molecules 

with the tails held together and the heads facing outwards, in contact with the 

surrounding solvent, and a micelle is visually presented in Figure 17. When dispersing 

nanofillers, like CNT and GNP, the surfactant concentration generally needs to both be 

above the CMC and exceed the nanofiller concentration [84-86]. Adding too little 

surfactant to the solution prevents much of the dispersive effects and adding too much 

surfactant causes the mean particle size in the solution to increase (agglomerations). An 

effective dispersion of CNT and GNP is attained with a minimum surfactant-to-

nanoparticles weight ratio of 1.5 [85]. 

Figure 17: Schematic of surfactant molecules forming a micelle [83]. 
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2.6 Existing Problems with Nanocomposites and Fracture Toughness Enhancement 

 Of previously listed complications and challenges with nanoparticles and 

nanocomposite materials, the most critical obstacles are the prevention of nanoparticle 

agglomerations and non-homogenous nanoparticle dispersion. With the proliferation of 

nanoparticle agglomerations in a polymer resin through inadequate dispersion, comes 

decreased mechanical properties even over the neat polymer. The same reduced 

mechanical properties are seen in nanocomposites that have a non-homogeneous 

dispersion of nanoparticles in the polymer matrix.  

The primary dispersion techniques previously covered, also have a difficult 

dilemma associated with their usage. Too little dispersion induces formation of 

nanoparticle agglomerations and non-homogenous suspensions. Too much dispersion, 

whether it be too much dispersion time or too much dispersion power, causes irreparable 

damage to the nanoparticles and makes them ineffective at strengthening the properties of 

the nanocomposite.  

A serious concern with nanoparticle usage is their effects on humans, plants, 

animals and the overall environment. Despite the discovery of nanoparticles decades ago, 

the scientific community does not fully understand the short-term or long-term 

consequences of their utilization on any of the previously enumerated constituents. This 

is chiefly because of the lack of research on the ramifications of nanoparticle handling.  

In materials science, it is vital to have consistent properties from different batches 

of the same material. Obtaining similar test results from different batches of the same 

nanocomposite can sometimes be challenging, even with standardized fabrication 

procedures. This same material properties in consistency comes into play with the surface 
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modification of nanoparticles. The amount of surfactant necessary to properly surface 

modify a certain mass of CNT or GNP is to be very precise, and if done incorrectly, the 

surfactant can adversely affect the attributes of the nanoparticles and the subsequent 

nanocomposite. 
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CHAPTER 3. RESEARCH MOTIVATION, OBJECTIVES AND APPROACH 

3.1 Motivation and Objectives  

The motivation for this research was to further enhance the fracture toughness of 

VE by employing a hybrid (dual) inclusion nanofiller strategy. We believed that the 

hybrid inclusions would synergistically increase the fracture and mechanical properties of 

the subsequent nanocomposites. This was the first time both CNT and GNP were 

combined into a VE polymer resin. 

The primary objectives of this study were two-fold. First, to enhance the KIc and 

GIc values of vinyl-ester composites by including a hybrid mix of the two nanoparticles, 

CNT and GNP. The second objective was to maintain or increase the mechanical 

(ultimate tensile strength, Young’s Modulus, etc.) and thermal (Tg, Tp, etc.) properties of 

the VE nanocomposite concurrently with increased fracture toughness of the VE 

nanocomposite. 

3.2 Approach  

• Employ a hybrid inclusion of CNT and GNP in VE following recent 

investigations that uncovered 3-D nanostructure formations to facilitate particle-

polymer interaction leading to enhanced fracture toughness. 

• Investigate nanoparticle surface treatment to improve dispersion and subsequently 

allow crosslinking of CNT/GNP 3-D nanostructures with the VE matrix. 
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• Characterize fracture toughness (KIc, GIc) parameters of nanocomposites and 

evaluate the effects of non-functionalized and functionalized nanoparticles. 

• Synthesize, fabricate and characterize all nanocomposites to optimize 

nanoparticle loading levels, types and surface treatments that produce the greatest 

KIc and GIc values. 

• Verify mechanical and thermal properties of the nanocomposites using traditional 

approaches.
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CHAPTER 4. MATERIALS, SYNTHESIS AND PREPARATION 

4.1 Materials 

 This section of Chapter 4 introduces the various materials, chemicals and supplies 

necessary for nanoparticle surface modification and nanocomposite synthesis and 

fabrication. 

4.1.1 Vinyl-Ester (VE) 

 For this research, we selected DERAKANE 8084 epoxy vinyl-ester (VE) resin, 

which Ashland Composites (Dublin, Ohio, USA) supplied. This VE resin is DNV (Det 

Norske Veritas) certified for ship manufacture. The resin has the properties listed in 

Table 2 and Table 3. 

The MEKP cure system used to produce nanocomposite specimens for this 

research is illustrated in Table 4. We selected the specific hardener system because the 

temperature in the laboratory, where the nanopolymers were manufactured, was routinely 

measured at or near 30°C, and more importantly, the system provides longer time for 

curing. This greater geltime also allows the specimen to be degassed longer, which in 

turn reduces the number of voids in the cured VE resin. The VE is an elastomer modified 

resin specifically designed to resist intense mechanical stress and abrasion while 

providing high strength and toughness [90]. These attributes and the increased elongation 

over other resins allow this VE resin to better resist impacts and cracking due to cyclic 

temperature and pressure fluctuations. DERAKANE 8084 yields high corrosion 

resistance and adhesive strength, making it ideal for the utilization as a primer or lining 
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Property Value Unit 

Tensile Strength 76 MPa 

Tensile Modulus 2900 MPa 

Tensile Elongation at Break 8-10 % 

Flexural Strength 130 MPa 

Flexural Modulus 3300 MPa 

IZOD Impact (unnotched) 480 J/m 

Heat Distortion Temperature 82 °C 

Glass Transition Temperature 115 °C 

Volume Shrinkage 8.2 % 

Density 1.14 g/cm3 

Table 2: Typical mechanical properties of DERAKANE 8084 at 25°C [90]. 

 

 

 

Property Value Unit 

Dynamic Viscosity 360 MPa*s 

Kinematic Viscosity 350 cSt 

Styrene Content 40 % 

Density 1.02 g/mL 

Table 3: Typical liquid resin mechanical properties of DERAKANE 8084 at 25°C [90]. 

 

 

 

Geltime at 30°C MEKP (phr) Co-nap6% (phr) DMA (phr) 

60 +/- 15 minutes 1.5 0.3 0.025 

Table 4: Typical geltime at 30°C (phr – parts per hundred); Methyl Ethyl Ketone 

Peroxide (MEKP); Dimethylaniline (DMA); Cobalt Naphthenate-6% (CoNap) [90]. 

 

 

 

on structural members. In addition to superior corrosion resistance, 8084 resin displays 

extensive chemical resistance. 
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4.1.2 Carbon Nanotubes (CNT) 

We used two types of multi-walled carbon nanotubes (MWCNT) in this research. 

The first type was non-functionalized MWCNT (nf>CNT), which we procured from 

CheapTubes Inc. (Cambridgeport, VT, USA). The second type was carboxylic (COOH) 

acid functionalized MWCNT (f>CNT) and we purchased them from Sigma-Aldrich (St. 

Louis, MO, USA). The nf>CNT had a SKU of 030101, and the f>CNT had a product 

number of 755125. Both CNT types were manufactured via a chemical vapor deposition 

(CVD) process, where a volatile precursor goes through thermal decomposition and 

forms a solid deposit on a substrate. After fabrication, the f>CNT were treated with 

oxidizing agents to attach COOH groups to the defects and ends of the tubes. A 

schematic of f>CNT is displayed in Figure 18. Tables 5 and 6 exhibit the technical 

specifications for the as-received nf>CNT and f>CNT, respectively. 

The aspect ratio of carbon nanotubes is an important property of CNT. We 

calculated the aspect ratio of CNT by taking the ratio of the average length to the average 

diameter of the tubes. Using values in Table 5 and 6, the aspect ratio of nf>CNT and 

Figure 18: Schematic of a multi-walled carbon nanotube (MWCNT) with carboxylic 

(COOH) acid functional group attached [91]. 
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f>CNT were ~2500 and ~158, respectively. The latter aspect ratio is relatively low and 

these CNT are considered short [11]. 

Property Value Unit 

Form Powder N/A 

Color Black N/A 

Length 10-30 µm 

Outer Diameter <8 nm 

Inside Diameter 2-5 nm 

Purity >95 wt% 

Ash <1.5 wt% 

Specific Surface Area 500 m2/g 

Bulk Density 0.27 g/cm3 

True Density ~2.1 g/cm3 

Table 5: Technical specifications of the as-received nf>CNT utilized in this study [92]. 

 

 

 

Property Value Unit 

Form Powder N/A 

Color Black N/A 

Average Length 1.5 µm 

Average Diameter 9.5 nm 

Carbon Purity >80.0 % 

Metal Oxide <5.0 % 

COOH Content >8.0 % 

Table 6: Technical specifications of the as-received f>CNT utilized in this study [91]. 
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4.1.3 Graphene Nanoplatelets (GNP) 

We also used two types of graphene nanoplatelets (GNP) in this research. The 

types were non-functionalized GNP (nf>GNP) and carboxyl (COOH) acid functionalized 

GNP (f>GNP). We obtained both types from CheapTubes Inc. (Cambridgeport, VT, 

USA). The nf>GNP had a SKU of 050111, and the f>GNP had a SKU of 050113. 

According to the manufacturer, the GNP were fabricated via a dry plasma exfoliation 

process of graphite. The Dielectric Barrier Discharge (DBD) plasma process produced 

GNP that have superior mechanical, thermal and electrical properties over GNP created 

by chemical exfoliation or CVD. Through a gas deposition process, the f>GNP were 

functionalized with a primary functionality of COOH and other functionalities of COH, 

C=O and oxygen groups. Figures 19 and 20 display a schematic of f>GNP and an SEM 

image of GNP, respectively. Table 7 shows the technical specifications for both the as-

received nf>GNP and f>GNP. 

With high specific surface area, GNP can increase many mechanical properties of 

nanocomposites with GNP inclusions. The specific surface area also leads to a high 

thermal conductivity and the capability to structurally reinforce the polymers. 

Figure 19: Schematic of a f>GNP structure with primary functionality of COOH [34]. 
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Property Value Unit 

Form Powder N/A 

Color Black N/A 

Source Material Natural Graphite N/A 

Diameter 1-2 µm 

Grade 4 N/A 

Purity >99 wt% 

Specific Surface Area >700 m2/g 

COOH Content (f>GNP) 7 +/- 1.5 wt% 

Table 7: Technical specifications of the as-received nf>GNP and f>GNP utilized in this 

study [93-94]. 

 

 

 

4.1.4 Triton X-100 (TX100) 

 We acquired Triton X-100 (TX100) from Sigma-Aldrich (St. Louis, MO, USA). 

TX100 is fabricated from octylphenol polymerized with ethylene oxide and has an 

Figure 20: SEM image of GNP [95]. 
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average of 9.5 ethylene oxide units per molecule. The specific TX100 used in this 

research absorbs electromagnetic radiation near to and at a wavelength of 280 nm, which 

is in the ultraviolet region of the electromagnetic spectrum. Also, it is approximately the 

same wavelength absorbed by proteins, making it more identifiable in FTIR spectra [96]. 

 

Property Value Unit 

Form Liquid N/A 

Color Colorless to light yellow N/A 

Specific Gravity (@ 25°C) 1.065 g/mL 

pH 6.0-8.0 N/A 

Cloud Point 63-69 °C 

Pour Point ~7 °C 

Flash Point 251 °C 

Viscosity (Brookfield; @ 25°C) 240 cps 

Critical Micelle Concentration (CMC) 0.22-0.24 mM 

Average Molecular Weight 625 N/A 

Table 8: Physical and chemical properties of Triton X-100 [96-97]. 

 

 

Hydrophilic Tail 

Hydrophobic Headgroup 

Figure 21: Molecular structure of Triton X-100 (n = 9-10) [97]. 
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The as-received TX100 comes in the form of a clear, viscous liquid. As Figure 21 

shows, TX100 has a hydrophilic, polyethylene oxide tail chain and a hydrophobic 

headgroup. Table 8 lists the physical and chemical properties of TX100 as given by the 

manufacturer. 

4.1.5 Other Chemicals 

 Sigma-Aldrich (St. Louis, MO, USA), Fisher Scientific International (Hampton, 

NH, USA), VWR International (Radnor, PA, USA) and United Initiators (Elyria, OH, 

USA) provided the other necessary chemicals (such as ethanol, acetone, methyl-ethyl 

ketone peroxide, dimethylaniline, cobalt naphthenate-6%, etc.) we used for nanoparticle 

surface modification and nanocomposite synthesis. 

4.2 Synthesis and Preparation 

 We developed two processes for this research to produce various nanocomposite 

samples. First, we generated a process to surface modify nanoparticles via Triton X-100 

treatment. Second, we constructed a process to fabricate nanocomposites with differing 

nanoparticle inclusions. Ultimately, we prepared the specimens according to ASTM 

D5045-14 to conduct fracture tests [99]. 

4.2.1 Surface Modification of Nanoparticles by Triton X-100 

We employed a surfactant, otherwise known as a surface modifier or nano-

detergent, to treat the surface of the GNP and CNT. The surfactant we used was TX100 

because of its wide application in surface modification of nanoparticles to augment their 

abilities to bind/link nanoparticles to a polymer matrix. The flowchart describing the 

step-by-step process to synthesize Triton X-100 surface modified CNT and GNP is 

shown in Figure 22. Additionally, the ultrasonication that we implemented in the surface 
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modification and fabrication processes, was completed by a Sonics VC 750 vibrator that 

has an output frequency of 20 kHz and a maximum power output of 750 Watts [98].  

Following the steps in the flowchart, we measured and placed the calculated mass 

of nanomaterials into an empty glass beaker. We then added the solvent, acetone, to the 

beaker at a ratio of 100mL:0.1mg (acetone to nanoparticle mass). Subsequently, we 

incorporated the surfactant into the beaker at a ratio of 1.5-2.0:1 (TX100 mass to 

nanoparticle mass). We mechanically mixed the solution at ~500rpm for 30 minutes. 

Next, we immersed the beaker in a 5°C water bath and sonicated the solution at 40% for 

30 minutes. During sonication, we constantly adjusted the beaker’s position relative to 

the sonicator probe to ensure that the entire solution was treated. In order to evaporate the 

solvent, we utilized a hot plate with magnetic stir capabilities. We set the hot plate to 

between 50 and 60°C (acetone’s boiling point is 56°C) and set the magnetic stir bar to 

low spin. Once the solution reached approximately 20mL, we took the beaker off the hot 

plate and retrieved the magnetic stir bar from the beaker. Lastly, we placed the beaker in 

Figure 22: Flowchart of the Triton X-100 surface modification process of Nanoparticles. 
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a secure location within the lab and partially covered it. After approximately five-to-

seven days, the acetone solvent had completely evaporated, and we were left with a thin, 

oily film of TX100 surface treated nanoparticles on the bottom of the beaker. 

4.2.2 Specimen Fabrication 

Figure 23 presents the flowchart showing the process we developed for VE 

nanocomposite fabrication. To start, we deposited the calculated nanoparticles, with the 

appropriate surface characteristics, into the bottom of a glass beaker. We added the 

computed mass of VE and mechanically mixed the admixture at ~300rpm for 30 minutes. 

During the last five minutes of the mixing, we incorporated two accelerators/hardeners 

(DMA and CoNap) into the admixture at the ratios prescribed in Table 4. We then 

immersed the beaker in a 5°C water bath and sonicated the admixture at 40% for 30 

Figure 23: Flowchart depicting the nanocomposite fabrication process. 
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minutes. During sonication, we constantly adjusted the beaker’s position relative to the 

sonicator probe to ensure that the entire solution was treated. Next, we positioned the 

beaker in a desiccator chamber and put the chamber under a cyclic vacuum from 0 to -

70kPa for 30 minutes. We slowly stirred the last accelerator/hardener (MEKP) into the 

admixture for 5 minutes. Finally, we poured the admixture into silicon molds and scraped 

the top layer off. In a few cases, a second or third pour and scrape was necessary to create 

a flat, void free top surface on the nanocomposites. 

4.2.3 Specimen Preparation for Testing 

 To determine the fracture toughness of nanocomposite specimens, we utilized 

ASTM D5045-14 [99]. We followed the procedures provided in the Standard to prepare 

Figure 24: Image flowchart of specimen preparation for ASTM D5045-14. 

 



49 

the nanocomposite specimens for the single-edge notch bending (SENB) testing 

configuration [99]. The specimen preparation process is visualized in Figure 24. 

After curing for at least 24 hours, we placed the nanocomposite specimens in a 

kiln set to 120°C for two hours. Next, we polished each specimen with progressively 

finer sandpaper grit (80, 100, 400 and 2000). We then utilized a bandsaw to machine a 

sharp notch into the center of the nanocomposite span. The length of the sharp notch 

measured approximately half the width of the specimen. Lastly, we employed a razor 

blade to saw a natural crack into the sharp notch. According to the Standard, the length of 

the natural crack must be at least twice the width of the bandsaw blade used to cut the 

sharp notch [99].
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CHAPTER 5. EXPERIMENTATION AND CHARACTERIZATION 

 In order to fully investigate the nanoparticles and nanocomposites in this study, 

we divided the experimentation and characterization into the following four sections: 

mechanical, thermal, chemical/spectroscopic and microscopic. Figure 25 shows the 

various tests employed under each section in a flowchart form.  

For the mechanical testing, we applied ASTM D-5045 (Standard Test Methods 

for Plane-Strain Fracture Toughness and Strain Energy Release Rate of Plastic Materials) 

to determine the fracture toughness parameters of each specimen. Thermal 

characterization of the nanocomposites included differential scanning calorimetry (DSC), 

dynamic mechanical analysis (DMA), thermogravimetric analysis (TGA) and differential 

TGA (DTG). The spectroscopic analysis of nanoparticles and nanocomposites included

Figure 25: Flowchart for nanocomposite and nanoparticle characterization. 
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Fourier-transform infrared (FTIR) and RAMAN spectroscopy. Microscopic examination 

of the nanocomposites was carried out through high-resolution scanning electron 

microscopy (HR-SEM). 

5.1 Fracture Characterization 

 In order to determine the fracture toughness, or damage tolerance, of a plastic 

material such as a nanocomposite, we employed the Standard Test Methods for Plane-

Strain Fracture Toughness and Strain Energy Release Rate of Plastic Materials (ASTM 

D5045-14) [99]. The two fracture toughness parameters that we determined from ASTM 

D5045-14 were the plain-strain fracture toughness (KIc) and the critical strain energy 

release rate (GIc) [99]. We used the single-edge-notch-bending (SENB) testing geometry 

from ASTM D5045-14 as mentioned earlier [99]. 

We fabricated/machined specimens with the following dimensions: 112mm (L, 

length); 24mm (W, width); 12mm (B, thickness). In pursuance of the Standard, we 

prepared two specimens from each batch of approximately the same dimensions: one 

cracked/notched specimen for the fracture toughness test and one uncracked/unnotched 

specimen for the indentation correction test. The typical crack length (a) in the notched 

specimens was 12mm. Figures 26 and 27 further illuminate the SENB specimen testing 

geometry and the three-point bending test configuration, respectively. Moreover, the 

requirements for SENB specimen testing geometry are presented as follows: W = 2*B 

and 0.45 < a/W < 0.55 [99]. 

As previously discussed in section 4.2.3, we fabricated, cured and prepared the 

specimens to meet the criteria of SENB testing according to ASTM D5045-14 [99]. Per 

the ASTM Standard, the crack that is sawed into notched specimens using a fresh razor 
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blade, had to be of a length that was double the width of the notch (bandsaw blade 

thickness) [99]. Figure 28 shows the measured thickness of the bandsaw blade as 0.36mm 

and the measured length of the crack from a selected specimen as 0.80mm. 

The ASTM Standard assumes linear elastic behavior of the tested specimens [99]. 

The specimen thickness must be adequate to confirm a state-of-plane strain condition at 

the crack tip, and the crack must be sufficiently sharp to ensure a minimum toughness 

value [99]. The testing apparatus that we utilized to conduct SENB tests was a Zwick-

Figure 26: SENB specimen geometry [99]. 

 

Figure 27: Three-point bending test configuration [99]. 
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Roell testing machine in flexure mode. This constant displacement-rate device makes use 

of an internal displacement transducer to measure the stroke of the machine or position 

during testing. The load-displacement data is later corrected for system compliance, 

loading-pin penetration and sample compression. Multiple parameters must be monitored 

and recorded during testing to ensure validity and compliance. 

Figure 29 shows the test fixture and experimental setup utilized in this research. 

We placed a thermometer next to the Zwick-Roell machine, and it is used to determine 

the temperature during testing. As basic testing conditions, the Standard recommends a 

testing temperature of 23°C and a crosshead rate of 10mm/min be used [99]. We 

conducted all SENB tests within a temperature range between 22°C and 25°C and with a 

crosshead rate of 10mm/min. 

Figure 28: (a) Bandsaw used to cut sharp notch in specimens with a blade width of 

~0.36mm; (b) length of crack at tip sharp notch measured as ~0.80mm. 

 

a b 
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After fracture testing and determining the yield stress, σy, from each notched 

specimen, we constructed the load-displacement curve. We computed the compliance, C, 

from the testing data. We drew a best-fit line on the load-displacement curve for each 

notched specimen, as shown in Figure 30 as AB. Compliance was given by the reciprocal 

of the slope of line AB. We drew a second line on the load-displacement curve, as shown 

in Figure 30 as line AB’. This second line has a 5% greater compliance than line AB. 

Next, we determined the load, PQ, by the following conditions: (1) if Pmax fell 

within lines AB and AB’, we used Pmax as PQ; (2) if Pmax fell outside AB and AB’ and 

Figure 29: Zwick-Roell testing apparatus in flexure mode for SENB three-point bending 

test with thermometer. 
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Pmax/PQ was less than 1.1, we used the intersection of AB’ and the load-displacement 

curve as PQ; (3) if Pmax/PQ was greater than 1.1, the test was determined to be invalid 

[99]. To meet the size criteria set in the Standard, we compared the ligament (W-a), 

thickness (B) and crack length (a) to Equation 4, and each had to be greater than the 

result of Equation 4 [99]. 

2.5(𝐾𝑄 𝜎𝑦⁄ )
2
          (4) 

𝐾𝑄 = (
𝑃𝑄

𝐵𝑊1 2⁄ ) 𝑓(𝑥)   (𝑀𝑃𝑎 ∗ 𝑚1 2⁄ )       (5) 

𝑓(𝑥) = 6𝑥1 2⁄ [1.99−𝑥(1−𝑥)(2.15−3.93𝑥+2.7𝑥2)]

(1+2𝑥)(1−𝑥)3 2⁄ , 𝑤ℎ𝑒𝑟𝑒 𝑥 = 𝑎 𝑊⁄    (6) 

We calculated the fracture toughness (KQ) from Equation 5, where the PQ was 

previously determined and the geometric shape factor (f(x)) was computed using 

Equation 6 or by using Table 9 [99]. We took KQ as the conditional KIc, if the specimen 

Figure 30: Load-displacement curve with compliance (C) and C + 5% used to determine 

PQ [99]. 
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met all the criteria covered above. If a specimen failed to meet one or more of the criteria, 

the test was determined to be invalid, and we fabricated new specimens. 

As for calculating the critical strain energy release rate, GIc (GQ), we employed 

the load-displacement curves for both the notched and unnotched specimens from each 

batch. We fracture tested each unnotched specimen to determine the displacement 

correction used in calculating GIc. Figure 31 exhibits the configuration in which the 

unnotched specimens were tested, where the supports were positioned directly adjacent to 

one another. Figure 32 illustrates how we computed UQ and Ui. We took the area 

underneath the load-displacement curve for notched specimens as UQ and took the area 

Table 9: SENB calibration factors provided by the Standard (S/W = 4) [99]. 
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underneath the load-displacement curve for unnotched specimens as Ui [99]. We used 

Equation 7 to determined U, which we implemented in Equation 8 to calculate GQ. We 

established ηe from Table 9, which was provided in the Standard [99]. Finally, we took 

GQ as the GIc, if all the criteria were met. 

Figure 31: SENB configuration of unnotched specimen for the indentation correction test 

[99]. 

 

Figure 32: Method for correcting indentation (a) load-deflection curve in fracture test (b) 

load-deflection curve in indentation test [99]. 

 

a b 
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𝑈 = 𝑈𝑄 − 𝑈𝑖          (7) 

𝐺𝑄 = 𝜂𝑒𝑈 [𝐵(𝑊 − 𝑎)]⁄    (𝑘𝐽 𝑚2⁄ )       (8) 

We also tested three-to-four specimens from different batches at every 

nanoparticle loading and surface state within each of the four nanocomposite setups 

(f>CNT-VE; f>GNP-VE; f>CNT-f>GNP-VE; OHN) and the neat-VE. We did this to 

produce average KIc and GIc results and standard deviations for the results. We also 

conducted multiple tests for every nanocomposite situation to ensure the results validity. 

5.1.1 Example KIc and GIc Calculations 

We provided two specimens from the same batch with the standard dimensions of 

11.2cm (L), 2.4cm (W) and 1.2cm (B). We prepared one specimen with a crack/notch in 

the center of the specimen, and the crack length was 1.2cm (a). We calculated a/W as 0.5 

and used that value with Table 9 to determine f(x) as 10.65 and ηe as 2.03. We tested the 

Figure 33: Example load-displacement curves produced from ASTM D5045-14 during 

the SENB tests. Hatched areas indicated UQ and Ui. PQ = 269.2N = 0.2692kN. 

 

0.2692kN 
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uncracked/unnotched specimen for indentation and the cracked/notched specimen for 

fracture. The ASTM D5045-14 SENB tests on the two specimens produced the curves in 

Figure 33. From the SENB tests, PQ was determined as 0.2692kN, and we used Equation 

5 to calculate KQ as 1.54 MPa*m1/2. Next, we computed the area under both the 

indentation (Ui) and fracture (UQ) curves from Figure 33 as 11.03 and 53.05, 

respectively. Finally, we used Equation 7 to calculate U as 420.21 and employed 

Equation 8 to quantify GQ as 592 J/m2. Since the specimens met all the criteria and the 

tests were considered valid, we took KQ as KIc and GQ as GIc. 

5.2 Thermal Experimentation and Characterization 

 We performed the thermal characterization of the VE nanocomposites using 

differential scanning calorimetry (DSC), dynamic mechanical analysis (DMA), 

thermogravimetric analysis (TGA) and differential TGA (DTG). Through DSC and DMA 

studies, we pinpointed the glass transition temperature (Tg) of the nanocomposite 

specimens. With TGA studies, we identified the maximum thermal decomposition 

temperature (Tp) of the nanocomposites specimens. Furthermore, we utilized the DMA 

studies to investigate tan delta (δ), storage modulus and loss modulus of the 

nanocomposites. 

5.2.1 Differential Scanning Calorimetry (DSC) 

 Differential Scanning Calorimetry (DSC) is used to explain some of the 

transitions and decomposition steps/phases from other thermal analysis techniques. We 

mainly utilized DSC to find the Tg of the composites and nanocomposites fabricated for 

this research. In DSC testing, two test pans (usually made of aluminum) are heated 

linearly at a pre-set rate, and the heat flow is measured as a function of temperature. One 
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pan contains a sample of the material being tested, and the other pan is empty and serves 

as a reference to compare the heat flow measurements. Throughout the experiment the 

sample pan and reference pan are maintained at the same temperature to ensure valid 

results. 

For this research, we operated a TA Instruments Q10 apparatus. The DSC 

machine and testing chamber are seen in Figure 34. Prior to testing, we calibrated the 

machine by completing a dry-out run. We administered the subsequent tests under a 

nitrogen atmosphere (50 mL/min). We tested two to three samples (5-10mg per sample) 

of post-cured material from specimens of each specific nanocomposite system and 

loading. We cast each sample into an aluminum pan, and we used an empty, aluminum 

pan as the reference pan for all the tests. 

For the DSC program, the sample and reference pans were linearly heated from 

30°C to 350°C at a constant rate of 10°C per minute. After completing a cycle from 30°C 

to 350°C and back to 30°C, a second cycle was conducted, and the data was recorded. 

Figure 34: (a) DSC machine on the right with the cooling unit on the left; (b) chamber of 

the DSC machine with the sample and reference pans labelled. 

 

a b 
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We performed two cycles to ensure that the composite material was fully cured during 

the first cycle, so that accurate measurements could be recorded during the second cycle. 

Using the data from the second cycle, we calculated the Tg for each sample according to 

ASTM E1356-08 [100]. 

5.2.2 Dynamic Mechanical Analysis (DMA) 

 Polymers, like VE, are viscoelastic materials, which means that they behave 

similarly to both viscous and elastic materials. Purely viscous materials tend to resist 

Figure 35: DMA sinusoidal curves with phase lag (δ) for stress and strain of elastic, 

viscous and viscoelastic materials and accompanying formulas for the moduli and tan δ 

[100-101]. 

 

 

 



62 

flow, do not return to their original form after external force removal and their strain 

response lags the applied stress, producing a 90° phase lag. Purely elastic materials, on 

the other hand, behave “rubbery.” Stress and strain occur simultaneously producing a 0° 

phase lag and deform but return to their original form after external force removal. 

Dynamic mechanical analysis (DMA) is a well-defined and widely used thermal and 

mechanical analysis test for viscoelastic materials.  

Within DMA testing, an oscillatory force or stress is applied to the material being 

tested, and the ensuing displacement or strain is recorded while increasing the 

temperature at a constant rate. The phase shift or difference (for viscoelastic materials, 0° 

< δ < 90°) is then calculated between the stress and strain waves as illustrated in Figure 

Figure 36: The dynamic mechanical analysis (DMA) apparatus (a) viewing at the furnace 

chamber without a testing configuration attached and (b) viewing the control screen and 

furnace chamber with the three-point bending configuration attached. 

 

a b 
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35. Equations 9, 10, 11 and 12 represent the complex modulus (E*), storage modulus 

(E’), loss modulus (E’’) and tan delta (δ), respectively. 

We utilized DMA in this study to determine the effects of nanoparticle inclusions 

in VE as to affect its viscoelastic behavior. DMA was used to determine material 

variables like storage modulus and compliance, loss modulus, tan δ and transition 

temperatures. Of the previous variables listed, this research focuses on the storage 

modulus, tan δ and transition temperatures to refine the determination of Tg and a 

maximum storage modulus (E’max). 

𝐸∗ = 𝜎 휀⁄ = 𝑠𝑡𝑟𝑒𝑠𝑠/𝑠𝑡𝑟𝑎𝑖𝑛        (9) 

𝐸′ = 𝐸∗ cos 𝛿          (10) 

𝐸′′ = 𝐸∗ sin 𝛿          (11) 

tan 𝛿 = 𝐸′′ 𝐸′⁄          (12) 

Figure 37: Side view of the IsoMet 1000 precision saw used in this research. 
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We employed a TA Instruments Q800 series apparatus in 3-point bending 

configuration for the DMA test as shown in Figure 36. Before conducting experiments, 

we prepared two to three samples from each specific nanocomposite system by cutting 

the material with an IsoMet 1000 precision saw that had a diamond blade as shown in 

Figure 37. Prepared samples had the dimensions of 35mm x 12mm x 3mm (length x 

width x thickness). The temperature program for each experiment was the following: 

equilibrate the temperature of the furnace chamber at 30°C; conduct isothermal process 

(ΔT=0) for 5 minutes; ramp up the temperature in the furnace chamber at a rate of 

10°C/minute until reaching 350°C. The program produced plots containing the storage 

modulus on the left y-axis, the tan δ on the right y-axis and the temperature range on the 

x-axis for each sample tested. We were able to extrapolate the Tg and E’max from these 

plots. 

5.2.3 Thermogravimetric Analysis (TGA) and Differential TGA (DTG) 

Figure 38: TGA apparatus on the left with the cooling unit on the right. 
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 Thermogravimetric analysis (TGA) is another thermal analysis technique and is 

primarily used to characterize materials and observe their thermal stability. TGA provides 

complimentary and supplementary characterization information to the data obtained from 

the DSC, and TGA measures the mass loss or gain of a sample as a function of 

temperature [103]. TGA can be employed on materials to observe a mass loss or a mass 

gain because of loss of volatiles, decomposition or oxidation. In this research, we 

implemented TGA to pinpoint the temperature at which the maximum thermal 

degradation/decomposition rate occurs (Tp). 

Differential thermogravimetry (DTG) is the same as TGA except that the mass 

loss/gain and temperature data is differentiated to give the mass loss/gain rate versus 

temperature. DTG results are quite useful in mechanistic studies of materials, and DTG is 

the best indicator of the temperatures at which the various stages of thermal 

Figure 39: TGA furnace chamber (a) empty; (b) containing a ceramic crucible with a 

composite sample in the crucible. 

 

a b 
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decomposition take place and the order in which they occur [104]. For each sample, the 

Tp is extracted directly from the DTG data. 

We performed TGA using a Perkins-Elmer STA 6000 thermal analyzer, as shown 

in Figure 38. Also, Figure 39 shows: (a) the empty furnace chamber; (b) the furnace 

chamber with a ceramic crucible and sample material in the crucible. Before testing 

began, we calibrated the apparatus and confirmed a nitrogen atmosphere (50mL/min). 

We tested two to three samples (10-15mg per sample) of post-cured material from 

specimens of each specific nanocomposite system. We placed each sample in a ceramic 

crucible. Then we put the crucible inside the furnace chamber of the TGA apparatus. The 

temperature program for all of the TGA experiments was to start at 30°C and end at 

450°C at a heating rate of 10°C/minute, and finally, the samples were cooled to room 

temperature. One cycle of the temperature program was completed for each sample 

tested.  

5.3 Spectroscopic Analysis 

 We conducted a spectroscopic examination of nanoparticles and nanocomposites 

samples through Fourier transform infrared (FTIR) spectroscopy. We were able to 

identify chemical bonds, presence of surfactant and extent of functionalization from the 

FTIR spectra. 

5.3.1 Fourier-Transform Infrared (FTIR) Spectroscopy 

 Infrared spectroscopy is defined as the study of the interaction of infrared light 

with matter or material. Light is more technically known as electromagnetic radiation and 

is sub-divided into different classes of light set by the wavelength. Further, wavelength is 

the reciprocal of wave number, and the latter is the term utilized on the x-axis of FTIR 
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plots with the units of cm-1. The wave number range of the infrared light is approximately 

from 14,000 to 10cm-1, but FTIR focusses on mid-range infrared light with a wave 

number range of approximately 4000 to 400cm-1. The majority of the chemical bonds are 

seen in the function group region (4000 to 1500cm-1), and less relevant absorptions are 

found in the fingerprint region (1500 to 500cm-1) [105]. 

The y-axis of a typical FTIR plot is the measure of Absorbance (A) given in 

Equation 13, where I0 is the intensity of the background spectrum, and I is the intensity in 

the sample spectrum. The Absorbance is also related to the concentration of molecules in 

a sample via Equation 14 (Beer’s Law), where ε is the absorptivity, l is the pathlength 

and c is the concentration [105]. Transmittance (T), on the other hand, is a measure of the 

materials ability to transmit radiant energy and is given as a percentage. T is associated to 

A by Equation 15. 

𝐴 = log(𝐼0 𝐼⁄ )          (13) 

𝐴 = 휀𝑙𝑐          (14) 

𝐴 = 2 − log(%𝑇)         (15) 

Figure 40: Visualization of the vibration (stretching and compressing) of chemical bonds 

that occurs when exposed to infrared radiation [108]. 
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Molecules composed of two or more atoms have chemical bonds linking the 

atoms together. When certain molecules are exposed to infrared radiation, their chemical 

bonds act as springs that vibrate (stretch and compress) at fixed, pre-determined 

frequency ranges. Figure 40 visualizes this process. 

Over the last 100+ years, scientist have recorded a great number of infrared 

spectra, and the peak positions in the infrared spectrum of known molecules and 

compounds derived from these spectra can be used to identify the molecules and 

compounds in an unknown sample [106]. In addition to the accuracy of using past, 

known FTIR spectra, there are many advantages (throughput advantage, multiplex 

advantage, better SNR and precise wavenumber measurement) and few disadvantages 

(presence of artifacts) to the use of FTIR in material characterization [105]. Because of 

its major advantages, an FTIR is capable of measuring spectra with an SNR 10 to 100 

times better than other types of infrared spectrometers [107]. 

𝑆𝑁𝑅 =
𝑆𝑖𝑔𝑛𝑎𝑙

𝑁𝑜𝑖𝑠𝑒
=

𝑃𝑒𝑎𝑘 𝐻𝑒𝑖𝑔ℎ𝑡

𝑃𝑃𝑁
        (16) 

We implemented a Thermo Scientific Nicolet iS10 FT-IR Spectrometer for 

nanoparticle, composite and nanocomposite characterization, and it is exhibited in Figure 

41. We employed two types of FTIR sampling methods within this research. The first 

method was attenuated total reflectance (ATR) and the second was transmission FTIR.  

In ATR FTIR the infrared beam is sent through a crystal and interacts with the 

sample material by evanescent waves [108]. Some of the energy from the infrared beam 

is absorbed by the material and the rest of the energy reflects back and is absorbed by the 

detector [108]. This process is depicted in Figure 42. ATR with a diamond crystal, such 

as the one used in this research, works well for most types and forms of materials, and it 
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works best for powder samples. As such, we used it on nanoparticles, surface modified 

nanoparticles, composites and nanocomposites, which were all in a powder form. To 

create a powder from solid pieces of composites and nanocomposites, we operated a ball 

mill machine. We placed specimen pieces and two small, ceramic balls in metal 

cylinders. The ball mill machine oscillated the cylinders at 30Hz until the desired powder 

consistency was reached, and Figure 43 shows the machine with the two metal cylinders 

attached. 

a b c 

Figure 41: FTIR apparatus used in this research; (a) view from the front; (b) top view; (c) 

view of powder nanoparticle sample covering diamond crystal test site. 

 

Figure 42: Schematic of ATR FTIR setup and process [108]. 
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The second FTIR sampling method that we used was transmission FTIR. In 

transmission FTIR, a narrow, focused infrared beam is sent through a thin sample. It is 

best applied on thin films of <50µm thickness. We used transmission FTIR on thin strips 

of fabricated nanocomposites to characterize their contents. 

Prior to starting ATR FTIR experimentation, we cleaned the crystal with cotton 

swabs containing ethanol. We then confirmed that the metal disc containing the crystal 

was clean and clear of debris. As previously mentioned, we produced a background 

spectrum before testing each sample by running the FTIR without a sample on the 

crystal. The peaks from the background spectrum and lack of peaks at various wave 

numbers is directly compared to the peaks from the sample spectrum to determine the 

molecular composition of the sample. Next, we placed the sample on the crystal, and we 

rotated the metal arm over the sample and screwed it into place. The metal arm was 

meant to press and hold the sample on the crystal, in a compacted state. Once the test run 

Figure 43: Ball mill machine used in this research. 
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is complete, we adjusted the sample powder, and we ran the test again. This step of 

sample adjustment and test run is repeated a minimum of five times. Each run contained 

32 iterations of the FTIR data accumulation process. Finally, we employed the FTIR 

software to create an average spectrum plot of the five or more spectra generated, and the 

plot is saved for data reduction and analysis. 

For transmission FTIR, much of the same processes are follow, but the test is 

simpler. We placed a thin sample strip on the holder within the testing chamber, shut the 

chamber door and ran the test as before. Figure 44 presents the transmission FTIR setup. 

5.4 Microscopy 

 Microscopy is sub-divided into optical, electron and probe microscopy. We 

conducted some optical microscopy, but the majority of the microscopic inspection that 

we performed in this study was electron microscopy. 

5.4.1 Scanning Electron Microscope (SEM) 

 A scanning electron microscope (SEM) scans the surface of a material with a 

focused beam of electrons. The beam position and detected signals are combined to 

Figure 44: Schematic of transmission FTIR setup [108]. 
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produce an image of the surface. The image displays the composition and topography of 

the material surface, and the image is produced in a cycling, parallel line-by-line format, 

which is also known as a raster scan format. The most common SEM mode is detection 

of secondary electrons emitted by atoms excited by the electron beam, where the 

secondary electrons emitted and detected create an image of the surface topography 

[109]. 

Figure 45: Scanning electron microscope (SEM) used in this research. 
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Each sample must be prepared for the SEM because the sample will be exposed to 

a high energy electron beam. As a result, it must be coated with a conductive material. 

For partially conductive or non-conductive sample surfaces, such as the nanocomposites 

employed in this research, a conductive material must be applied to the fracture surface. 

Otherwise, the nonconductive areas of the fracture surface accumulate electrons and 

electrical charge without emitting it to the detector for the surface topography image to be 

created. 

We examined the fracture surface for each specimen by completing the SENB 

tests (ASTM D5045-14) and prepared samples for SEM examination at low-vacuum. 

Specimens were gold coated with a plasma sputter technique. The high-resolution SEM 

was a JEOL JSM-6330F (Field Emission SEM with EDS). We examined each fracture 

surface for roughness, dispersion of CNT and GNP, fracture mechanisms and formation 

of hybrid nanostructures with reinforcements in the matrix. Figure 45 displays the SEM 

apparatus used in this investigation.
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CHAPTER 6. ITERATIVE INVESTIGATION TO DETERMINE THE 

OPTIMIZED HYBRID NANOCOMPOSITES (OHN) 

6.1 Introduction 

To find the optimized CNT and GNP loading within VE nanocomposites that 

resulted in the highest fracture toughness values, we conducted an exhaustive iterative 

study. We utilized f>CNT and f>GNP to fabricate the following three categories of 

nanocomposite systems: f>CNT-VE, f>GNP-VE and f>CNT-f>GNP-VE. We varied the 

concentration of both f>CNT and f>GNP by weight percent of the nanoparticles in each 

of the nanocomposite systems as the following: 0.1wt%, 0.25wt% and 0.5wt%. We 

further altered the nanocomposites by employing TX100 treated f>CNT and f>GNP at 

the weigh percentages listed above. 

Once we fabricated several nanocomposite batches at each loading level and 

surface treatment, we characterized the specimens through ASTM D5045-14 SENB tests 

to determine fracture toughness parameters [99]. We processed and analyzed the data by 

utilizing an excel spreadsheet that we constructed to calculate the plain-strain fracture 

toughness (KIc) and strain energy release rate (GIc) of each specimen. This analysis 

allowed us to pinpoint the optimized nanoparticle loading. Figure 33 illustrates a typical 

load-displacement curve that we generated during a SENB test. As explained in Chapter 

5, we used the same sample dimensions, compliance curves and fracture test curves to 

compute KIc for each specimen [99]. Furthermore, we utilized the dimensions of the 

nanocomposite, list of variables provided in the Standard, fracture test curve, indentation
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curve and compliances curves to calculate GIc values [99]. 

Figure 46: SEM images of the fracture surface of neat-VE; top image at 250X 

magnification; middle image at 1000X magnification; bottom image at 5000X 

magnification with arrows pointing to debris on fracture surface. 
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We first calculated the fracture toughness values of neat-VE (DERAKANE 8084) 

samples that served as the control. The average KIc and GIc of the control samples were 

1.14 MPa*m1/2 and 370 J/m2, respectively. As mentioned in Chapter 2, these fracture 

toughness values were consistent with the KIc and GIc found in other sources [14]. 

Once we determined KIc and GIc quantities for each nanocomposite batch 

fabricated, we made a comparison to come up with the best nanocomposite system. We 

performed thermal studies on most of the nanocomposite batches to also characterize 

glass transition and thermal degradation behavior. Moreover, we conducted SEM studies 

on optimized samples to examine fracture surfaces, particle dispersions and particle-

polymer interactions. Figure 46 displays fracture surfaces from neat-VE, which were 

compared to SEM images of the nanocomposites as a control. 

6.2 f>CNT-VE System 

As presented in Chapter 2, past research [6,15,17,21,24] indicated that 

approximately 0.5wt% CNT included into a polymer matrix was the optimal level for 

increased damage tolerance in nanocomposites. We found that the most appreciable 

fracture toughness improvement observed with our f>CNT-VE nanocomposites was with 

0.1wt%f>CNT loading. We attribute the difference in optimal CNT loadings to the use of 

different CNT types, polymer types and the nanoparticle dispersion quality. 

6.2.1 f>CNT-VE Fracture Properties 

Figure 47 and Table 10 present the KIc and GIc quantities for neat-VE and the 

three f>CNT-VE nanocomposites fabricated in this study. We observed minor KIc and GIc 

gains from our f>CNT-VE nanocomposites over the neat-VE composite. We believe that 

the minimal fracture toughness improvements were due to low aspect ratio of the f>CNT 
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used and poor dispersions achieved with the f>CNT-VE nanocomposites. As previously 

discussed, the aspect ratio of the f>CNT that we used was approximately ~158. Perez et 

al. [37] showed drastic improvements in the fracture properties of CNT-polymer systems 

when the CNT had a high aspect ratio. Ultimately, we found that the 0.1wt%f>CNT-VE 

nanocomposite had the largest fracture toughness increases over neat-VE, where KIc rose 

Table 10: Average KIc, and GIc and standard deviations for the neat-VE and the three 

f>CNT-VE nanocomposites. 

 

 

Composite Avg. KIc (MPa*m1/2) ±1σ Avg. GIc (J/m2) ±1σ 

Neat-VE 1.14 0.01 370 1 

0.1wt%f>CNT-VE 1.26 0.06 449 23 

0.25wt%f>CNT-VE 1.17 0.14 446 35 

0.5wt%f>CNT-VE 1.18 0.06 383 9 

Figure 47: Bar chart comparing the average KIc and GIc values for the neat-VE and the 

three f>CNT-VE nanocomposites. The error bars represent one standard deviation. 
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from 1.14 to 1.26 MPa*m1/2 and GIc rose from 370 to 449 J/m2. These KIc and GIc values 

represented 11% and 21% improvements, respectively. 

As we will further discuss in the next chapter, the f>CNT were unable to be 

surface treated by TX100 because of the presence of the COOH functional groups. 

Several times, we attempted to surface treat f>CNT with TX100, but in each attempt, the 

f>CNT quickly fell out of solution and settled on the bottom of the beaker. Because of 

this, we did not produce any f>CNT-TX100-VE nanocomposites. 

6.2.2 f>CNT-VE Thermal Properties 

 As noted in Chapter 2, CNT in a vacuum have an estimated thermal stability up to 

2800°C [46]. If the CNT are well dispersed in a polymer matrix, they form a conductive 

network that can cool the nanocomposite. For each f>CNT-VE nanocomposite, we used 

Figure 48: DSC thermographs comparing the Tg for the neat-VE and the three f>CNT-

VE nanocomposites. 
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DSC studies to determine the glass transition temperature (Tg) and TGA/DTG studies to 

estimate the maximum thermal decomposition temperature (Tp). We also conducted 

DMA studies to confirm the Tg found with DSC and to characterize other viscoelastic 

properties. 

Table 11 displays the average Tg and Tp and Figure 48 exhibits the DSC 

thermographs for the neat-VE and the three CNT-VE nanocomposite systems. We found 

a peak Tg in the 0.1wt%f>CNT-VE nanocomposite of 126°C, which was a ~2% increase 

over the Tg from neat-VE. We also observed that the greatest increase in Tp was in the 

0.1wt%f>CNT-VE nanocomposite. Tp increased from 406°C (neat-VE) to 408°C 

(0.1wt%f>CNT-VE nanocomposite), which was a ~1% increase. 

We believe that the 0.1wt%f>CNT-VE nanocomposite demonstrated the highest 

thermal properties among the f>CNT-VE nanocomposites because it had a more 

homogeneous dispersion. The good dispersion was most achievable with the 

0.1wt%f>CNT-VE nanocomposites because of the low f>CNT loading. From visual and 

microscopic examination, we saw many small f>CNT agglomerations in the vinyl-ester. 

With the small aspect ratio and short length of the f>CNT, we believe that the van der 

Composite Tg (°C) Tp (°C) 

Neat-VE 123 406 

0.1wt%f>CNT-VE 126 408 

0.25wt%f>CNT-VE 122 403 

0.5wt%f>CNT-VE 124 406 

Table 11: Average Tg and Tp for the neat-VE and the three f>CNT-VE nanocomposites. 
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Walls forces held the carbon nanotubes together [65]. Since we were not able to surface 

treat the f>CNT, homogeneous nanoparticle dispersion became even more difficult. 

6.2.3 f>CNT-VE Microscopy and Visual Inspection 

 We conducted a visual inspection and SEM investigation of the samples from the 

f>CNT-VE system. Visually, we could see small agglomerations, most likely of f>CNT, 

Figure 49: SEM images of the fracture surface of a 0.1wt%f>CNT-VE nanocomposite; 

top image at 25000X magnification; bottom image at 40000X magnification. 
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within the nanocomposites, which we confirmed in the SEM images shown in Figures 49, 

50 and 51. 

Figure 50: SEM images of the fracture surface of a 0.1wt%f>CNT-VE nanocomposite; 

top image at 8000X magnification; bottom image at 65000X magnification with arrows 

labelling partially “pulled-out” f>CNT and the partial length of a f>CNT displayed. 
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The agglomerations were located at fracture lines, and we saw that f>CNT were 

embedded in the VE polymer with one end of the nanotube sticking out from the fracture 

surface. Furthermore, the toughening mechanism we primarily saw in f>CNT-VE 

nanocomposites was CNT pull-out. CNT pull-out is an extrinsic toughening mechanism 

that acts behind the crack tip and holds the two fracture surfaces together. 

In Figure 49, the top image is from 25,000X magnification and the red box 

illustrates the area of focus in the bottom image. Figure 50 exhibits f>CNT pull-out at 

surface fracture lines. The top image provides a macro view of the fracture surface and 

many of the white dots highlight ends of f>CNT. The bottom image of Figure 50 displays 

the ends of f>CNT after being partially “pulled-out” upon fracture of the specimen. The 

image also shows the partial length of a “pulled-out” f>CNT as ~400nm. Figure 51 

depicts a “forest” of f>CNT that are tangled together and shows a lack of dispersion. We 

Figure 51: SEM image of the fracture surface of a 0.1wt%f>CNT-VE nanocomposite at 

11000X magnification showing a “forest” of f>CNT. 
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believe that the non-homogeneously dispersed f>CNT was the primary reason behind the 

low fracture toughness results in the f>CNT-VE nanocomposites. 

6.3 f>GNP-VE System 

Review of past research [6,26-35,38,61-62,89] confirmed that the inclusion of 

approximately 0.1wt% graphene nanoplatelets (GNP) or graphene oxide (GO) produced 

the greatest improvements in the mechanical and fracture toughness properties of the 

subsequent nanocomposites. In this investigation, we identified the greatest KIc and GIc 

improvements in f>GNP-VE nanocomposites with 0.25wt% loading of surface treated 

f>GNP. 

6.3.1 f>GNP-VE Fracture Properties 

Figures 52 and 53 and Table 12 present the KIc and GIc quantities for neat-VE and 

the six f>GNP-VE nanocomposites fabricated in this study. We saw that the 

Figure 52: Bar chart comparing the average KIc for the neat-VE and the six f>GNP-VE 

nanocomposites. The error bars represent one standard deviation. 
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0.25wt%f>GNP-TX100-VE nanocomposite had the largest GIc increase of 65% and that 

the 0.5wt%f>GNP-TX100-VE nanocomposite had the greatest KIc increase of 16% over 

neat-VE. 

 

Composite Avg. KIc (MPa*m1/2) ±1σ Avg. GIc (J/m2) ±1σ 

Neat-VE 1.14 0.01 370 1 

0.1wt%f>GNP-VE 1.05 0.04 297 17 

0.1wt%f>GNP-TX100-VE 1.07 0.04 324 15 

0.25wt%f>GNP-VE 1.14 0.09 460 27 

0.25wt%f>GNP-TX100-VE 1.27 0.18 610 75 

0.5wt%f>GNP-VE 1.11 0.05 364 19 

0.5wt%f>GNP-TX100-VE 1.32 0.06 533 33 

Table 12: Average KIc and GIc and standard deviations for the neat-VE and the six 

f>GNP-VE nanocomposites. 

 

 

Figure 53: Bar chart comparing the average GIc values for the neat-VE and the six 

f>GNP-VE nanocomposites. The error bars represent one standard deviation. 
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We believe that the surface treatment inhibited f>GNP agglomerations, which 

yielded better nanoparticle dispersions in the VE matrix. As discussed in Chapter 2, 

enhanced dispersions generate higher fracture toughness values by providing greater 

contact area between polymer chains and nanoparticles.  

6.3.2 f>GNP-VE Thermal Properties 

Table 13 lists the Tg and Tp and Figure 54 displays the DSC thermographs for the 

neat-VE and the six f>GNP-VE nanocomposites. We observed a peak Tg in the 

0.25wt%f>GNP-TX100-VE nanocomposites of 129°C, which is a ~5% increase over the 

Tg from neat-VE. On the other hand, the highest increases in Tp were found in all the 

nanocomposites with at least 0.25wt%f>GNP inclusions. The Tp increased from 406°C 

(neat-VE) to 412°C (nanocomposites >= 0.25wt%f>GNP), which was a ~2% increase. 

Figure 54: DSC thermographs comparing the Tg for the neat-VE and the six f>GNP-VE 

nanocomposites. 
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Monte Carlo simulations have shown GNP to have a theoretical melting 

temperature of 4510°C [56]. Paszkiewicz [123] expounded that graphene nanoplatelets, 

with their higher thermal conductivity, can dissipate heat more quickly in polymer than 

multi-walled carbon nanotubes. For these reasons, we expected nanocomposites 

containing a minimal f>GNP loading to have superior thermal properties to f>CNT-VE 

nanocomposites. Additionally, we believe that f>GNP-VE nanocomposites with 

homogeneously dispersions would lead to higher Tg and Tp values because of the 3D 

f>GNP network formed in the polymer matrix. 

6.3.3 f>GNP-VE Microscopy and Visual Inspection 

Once again, we visually inspected and utilized SEM on the fracture surfaces of 

the f>GNP-VE specimens. We did not notice any agglomerations through normal 

viewing. Upon SEM investigation, we were able to locate some agglomerations, but at a 

reduced number as compared to f>CNT-VE specimens. 

We found that the fracture lines propagated near the small agglomerations or 

through a single stacked graphene nanoplatelet. This suggests that the f>GNP formations 

Composite Tg (°C) Tp (°C) 

Neat-VE 123 406 

0.1wt%f>GNP-VE 121 403 

0.1wt%f>GNP-TX100-VE 124 406 

0.25wt%f>GNP-VE 124 412 

0.25wt%f>GNP-TX100-VE 129 412 

0.5wt%f>GNP-VE 128 412 

0.5wt%f>GNP-TX100-VE 128 412 

Table 13: Average Tg and Tp for the neat-VE and the six f>GNP-VE nanocomposites. 

 

 



87 

resisted cracks and toughened the nanocomposites through extrinsic and intrinsic 

mechanisms. We believe the extrinsic mechanism was the crack bridging, where the 

Figure 55: SEM images of the fracture surface of a 0.25wt%f>GNP-TX100-VE 

nanocomposite; top image at 5000X magnification; bottom image at 22000X 

magnification with a small f>GNP agglomeration in focus. 

 



88 

f>GNP bridged the crack and held the two sides of the crack together. We think the 

intrinsic mechanism was crack-deflection where the crack was deflected and meandered 

Figure 56: SEM images of the fracture surface of a 0.25wt%f>GNP-VE nanocomposite; 

top image at 8000X magnification with a moderately sized f>GNP agglomeration visible 

and with an arrow at the bottom left of the image pointing to a major fracture line; 

bottom image at 33000X magnification focused on a portion of the agglomeration. 
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through the material. The propagation of the crack required more energy to fracture the 

specimen. These mechanisms greatly enhanced the absorption of fracture energy, and 

Figure 57: SEM images of the fracture surface of a 0.25wt%f>GNP-TX100-VE 

nanocomposite; top image at 33000X magnification with a multi-layered f>GNP and 

with arrows at the top right of the image pointing to a major fracture line; bottom image 

at 50000X magnification focused on the f>GNP with dimensioning across the center. 
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these increased the nanocomposite. 

Figure 55 illustrates a small f>GNP agglomeration, where we saw graphene 

platelets stacked and bonded to one another. In Figure 56, we show another f>GNP 

agglomeration that is near a major fracture line. Next, Figure 57 depicts a multi-layered 

graphene nanoplatelet where the stacked graphene sheets can be seen. Dimensions 

labelled on the f>GNP (~1100nm x ~800nm) in Figure 57 coincides with those given by 

the manufacturer for f>GNP, i.e. a diameter of 1-2µm. Furthermore, the f>GNP was 

located within a few microns from a major fracture line. Lastly, Figure 58 exhibits a 

graphene nanoplatelet on a major fracture line apparently deflecting the propagation. 

6.4 f>CNT-f>GNP-VE (Hybrid) System 

 When effectively dispersed into a polymer matrix, some ratios of CNT-to-GNP 

(CNT:GNP) form three-dimensional hybrid nanostructures (3DHN) that prevent 

Figure 58: SEM image of the fracture surface of a 0.25wt%f>GNP-TX100-VE 

nanocomposite where a graphene nanoplatelet sits on a major fracture line; image at 

30000X magnification. 
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excessive nanoparticle agglomeration and create more surface area interaction between 

the 3DHN and the polymer chains. As we discussed in Chapter 2, hybrid nanocomposites 

with CNT:GNP ratios of 9:1, 8:2, 5:5 (1:1), 1:5 and 1:9 have been shown to drastically 

enhance the mechanical properties of nanocomposites [39,65,68-70]. In this study, we 

also observed that the hybrid system produced the overall best KIc and GIc values. 

Furthermore, the hybrid nanocomposite with the highest KIc and GIc had a loading of 

0.5wt% of surface treated f>CNT and 0.25wt% of surface treated f>GNP. We termed this 

hybrid loading (0.5wt%f>CNT-0.25wt%f>GNP-TX100) as the optimized hybrid 

nanocomposite (OHN). 

6.4.1 f>CNT-f>GNP-VE Fracture Properties 

 As we expected, the f>CNT-f>GNP-VE nanocomposites demonstrated superior 

mechanical and fracture properties. We believe that the f>CNT and f>GNP enhanced the 

fracture toughness of the vinyl-ester in the individual toughening mechanisms as 

previously described. Also, they tended to form 3DHN, which synergistically enhanced 

the fracture toughness of VE. The results revealed large increases in both KIc and GIc as 

shown in Figures 59 and 60 and in Table 14. We found that the 0.5wt%f>CNT-

0.25wt%f>GNP-VE nanocomposite had the largest KIc increase of 42% and that the 

0.5wt%f>CNT-0.25wt%f>GNP-TX100-VE nanocomposite had the greatest KIc increase 

of 98% over neat-VE. 

On average, the nanocomposites with surface modified nanoparticles had a 

slightly reduced KIc and GIc. However, the outliers were the OHN and 0.5wt%f>CNT-

0.5wt%f>GNP-VE nanocomposites where the use of TX100 produced a distinct 

improvement in the GIc values. We also believe that a f>GNP loading of 0.25wt% greatly 
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assists in the dispersing of f>CNT. As mentioned in Chapter 2, the dispersion of CNT 

Figure 59: Bar chart comparing the average KIc for the neat-VE and the eight f>CNT-

f>GNP-VE nanocomposites. The error bars represent one standard deviation. 

 

Figure 60: Bar chart comparing the average GIc for the neat-VE and the eight f>CNT-

f>GNP-VE nanocomposites. The error bars represent one standard deviation. 
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into a polymer matrix is greatly improved by the addition of GNP [64]. 

We also found that a f>CNT loading of 0.5wt% and a f>GNP loading of 0.25wt% 

produced the best mechanical and fracture toughness by a large margin when compared 

to all the nanocomposites fabricated. As we previously mentioned, we named this 

nanocomposite loading the optimized hybrid nanocomposite (OHN). In the next chapter 

we further investigate OHNs by adjusting the surface conditions of the nanoparticles to 

see its effects on the fracture toughness. 

 

 

Composite Avg. KIc (MPa*m1/2) ±1σ Avg. GIc (J/m2) ±1σ 

Neat-VE 1.14 0.01 370 1 

0.25wt%f>CNT-

0.25wt%f>GNP-VE 
1.43 0.01 455 4 

0.25wt%f>CNT-

0.25wt%f>GNP-TX100-VE 
1.22 0.05 390 21 

0.25wt%f>CNT-

0.5wt%f>GNP-VE 
1.30 0.02 492 65 

0.25wt%f>CNT-

0.5wt%f>GNP-TX100-VE 
1.28 0.01 427 46 

0.5wt%f>CNT-

0.25wt%f>GNP-VE 
1.62 0.03 625 45 

0.5wt%f>CNT-

0.25wt%f>GNP-TX100-VE 
1.57 0.04 734 15 

0.5wt%f>CNT-

0.5wt%f>GNP-VE 
1.21 0.05 297 11 

0.5wt%f>CNT-

0.5wt%f>GNP-TX100-VE 
1.25 0.05 389 8 

Table 14: Average KIc and GIc and standard deviations for the neat-VE and the eight 

f>CNT-f>GNP-VE nanocomposites. 
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6.4.2 f>CNT-f>GNP-VE Thermal Properties 

 Both CNT and GNP have high thermal conductivity in certain planes, and the 

hybrid inclusions synergistically increased the thermal conductivity of nanocomposites 

even more [66-67]. Additionally, Hsieh et al. [22] revealed a slight 5°C improvement in 

the glass transition temperatures (Tg) for hybrid nanocomposites over the neat epoxy. 

Moosa et al. [69] showed a modest 4 to 7°C increase in the degradation temperature (50% 

weight loss) for epoxy/GNP MWCNT composites, which is mostly attributed to the 

thermal properties of the GNP. For these superior thermal characteristics and the 

enhanced dispersion of f>CNT and f>GNP together, we expected that the hybrid 

nanocomposites, would form the 3DHN in VE. We also believe that the 3DHN would act 

Figure 61: DSC thermographs comparing the Tg for the neat-VE and the eight f>CNT-

f>GNP-VE nanocomposites. 
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as “heat sinks” to more efficiently draw heat out of the polymer matrix [124]. This 

ultimately would produce nanocomposites with higher Tg and Tp values. 

Table 15 lists the Tg and Tp and Figure 61 illustrates the DSC thermographs for 

the neat-VE and the eight f>CNT-f>GNP-VE (hybrid) nanocomposites fabricated. As in 

the f>GNP-VE system, we saw a similar shift in the Tg from 123°C (neat-VE) to 128°C 

(0.5wt%f>CNT-0.25wt%f>GNP-VE; 0.5wt%f>CNT-0.25wt%f>GNP-TX100-VE; 

0.5wt%f>CNT-0.5wt%f>GNP-VE), which was a ~4% increase. The shift in the Tp was 

more pronounced than what was found in the other nanocomposite systems. The Tp 

increased by about 2% from 406°C (neat-VE) to 414°C (0.5wt%f>CNT-0.5wt%f>GNP-

VE). 

Saseendran [114] showed that a polymer’s Tg is driven by the cross-link density, 

polymer chain stiffness and intermolecular interactions. He also showed that a polymer’s 

Tg is directly dependent on the cure temperature [114]. He further mentioned that a lower 

Composite Tg (°C) Tp (°C) 

Neat-VE 123 406 

0.25wt%f>CNT-0.25wt%f>GNP-VE 126 408 

0.25wt%f>CNT-0.25wt%f>GNP-TX100-VE 125 407 

0.25wt%f>CNT-0.5wt%f>GNP-VE 127 411 

0.25wt%f>CNT-0.5wt%f>GNP-TX100-VE 127 411 

0.5wt%f>CNT-0.25wt%f>GNP-VE 128 412 

0.5wt%f>CNT-0.25wt%f>GNP-TX100-VE 128 410 

0.5wt%f>CNT-0.5wt%f>GNP-VE 128 414 

0.5wt%f>CNT-0.25wt%f>GNP-TX100-VE 127 412 

 Table 15: Average Tg and Tp for the neat-VE and the eight f>CNT-f>GNP-VE 

nanocomposites. 
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temperature cure will produce a lower Tg, but each polymer has an ultimate Tg that 

cannot be exceed by continued increases in the cure temperature [114]. Because of these 

observations, we attributed the Tg and Tp increases mostly to the homogenous 

nanoparticle dispersions achieved, the nanoparticle/VE interactions and increase in cross-

linking and the level of f>GNP loading in the nanocomposites. 

6.4.3 f>CNT-f>GNP-VE Microscopy and Visual Inspection 

We also examined the fracture surfaces of the f>CNT-f>GNP-VE specimens 

visually and through SEM. We did not find any macro agglomerations through visual 

observation. Once we viewed the specimens under SEM, we were able to locate some 

agglomerations. 

Figure 62: SEM image of the fracture surface of a f>CNT-f>GNP-VE nanocomposite 

where red arrows point to individual f>CNT inclusions that are near and along fracture 

lines; the red arrow in the top left corner of the image signals a graphene nanoplatelet 

with f>CNT extending from it (type 2 3DHN); image at 30000X magnification. 
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Figure 62 shows the fracture surface of a f>CNT-f>GNP-VE specimen where 

most of the red arrows point to longer f>CNT that were partially “pulled-out” upon 

fracture. There are also many occurrences of f>CNT throughout the SEM image as white 

dots. The red arrow in the upper left corner of the figure illuminates a f>GNP with 

Figure 63: SEM images of the fracture surface of a f>CNT-f>GNP-VE nanocomposite; 

top image at 14000X magnification with a multi-layered graphene nanoplatelet having 

f>CNT extending from it; bottom image at 22000X magnification focused on the 

graphene nanoplatelet with partial dimensioning on two of the f>CNT (~450nm and 

~800nm; type 1 3DHN). 
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f>CNT extended from the surface of the f>GNP. This was indicative of the formation of 

a 3DHN as discussed earlier in this section. Figure 63 exhibits another 3DHN with 

f>CNT extending from a stacked f>GNP structure. The bottom image of the figure shows 

many f>CNT partially extended from the f>GNP. The partial length of two f>CNT in the 

SEM micrograph were measured as ~800nm and ~450nm. 

We saw fracture toughness enhancing mechanisms from the f>CNT, f>GNP and 

the 3DHN in the hybrid nanocomposites. As with the f>CNT-VE nanocomposites, we 

found f>CNT along fracture lines that improved the fracture toughness through CNT 

pull-out. The f>GNP individually improved the hybrid nanocomposites by crack bridging 

and crack-deflection. For the first time, we located 3DHN in the f>CNT-f>GNP-VE 

nanocomposites. We believe these 3DHN enhanced the fracture toughness by preventing 

some nanoparticle agglomerations, which improved the dispersion and increased the 

particle-polymer interaction [124]. We believe that a mixture of the three previously 

mentioned fracture toughness enhancement mechanisms (CNT pull-out, GNP crack 

bridging and GNP crack-deflection) and nanoplatelet debonding were at play in the 

f>CNT-f>GNP-VE nanocomposites. 

6.5 Three-Dimensional Hybrid Nanostructures (3DHN) 

 Zhang and Liu [63] demonstrated that there are three types of hybrid nanoparticle 

architectures formed during CNT and GNP dispersions. They are displayed in Figure 64 

and described as the following: (1) CNT absorbed horizontal to the GNP surface; (2) 

CNT absorbed perpendicular to the GNP surface; (3) CNT wrapped (scrolled) by GNP 

[63]. Of the three types, the second type is detailed to best enhance the mechanical 

properties of polymers. We believe that the hybrid nanocomposites with higher 
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occurrences of the type two 3DHN demonstrated drastically higher KIc and GIc values. 

Yang et al. [113] also proposed two factors to explain the synergistic mechanical 

enhancements of the type two 3DHN in nanocomposites as the following: (1) the CNT 

bound to GNP inhibited face-to-face aggregation of multiple graphene nanoplatelets, 

which resulted in hybrid nanostructures with large surface areas and increased contact 

area between the hybrid nanostructures and epoxy matrix; (2) the CNT acted as extended 

tentacles for the 3DHN, which became entangled with the polymer chain resulting in 

better interaction between the 3DHN and epoxy matrix. 

Furthermore, Zhang et al [115] determined that graphene sheets with hydrophilic 

groups absorbed MWCNT through the π-stacking interaction, which caused better 

nanoparticle dispersions. Since the hydrophobic headgroups of TX100 attached to the 

CNT and GNP and the hydrophilic tails stuck out from the nanoparticles, we assume that 

the use of TX100 in the hybrid nanocomposites further increased the formation of 3DHN. 

This was confirmed in our hybrid nanocomposites by higher fracture toughness quantities 

when TX100 was used to surface treat the nanoparticles.

1 2 3 

Figure 64: The three types of 3DHN that form between CNT and GNP as described by 

Zhang and Liu [63]. 
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CHAPTER 7. ALTERING SURFACE CHARACTERISTICS OF OHNs TO 

FURTHER ENHANCE FRACTURE TOUGHNESS 

7.1 Introduction 

 After identifying the OHN with 0.5wt%CNT and 0.25wt%GNP loading and 

reviewing past hybrid nanocomposite research, we suspected that we could tune the 

surface conditions of the nanoparticle inclusions to further increase the KIc and GIc for an 

OHN specimen. Non-uniform and disorderly CNT and GNP dispersions produce 

nanocomposites with inferior mechanical and thermal properties. Our goal was to 

pinpoint the nanoparticle surface conditions that generated the most homogeneous 

nanoparticle dispersion in an OHN. Similar to the research conducted in Chapter 6, we 

utilized COOH functionalized CNT (f>CNT) and GNP (f>GNP). We also implemented 

non-functionalized CNT (nf>CNT) and GNP (nf>GNP) to further vary the surface 

conditions of the nanoparticles used in this research. By surface treating all four of the 

nanoparticles with TX100, we were able to produce the following four OHN systems 

with differing nanoparticle surface conditions: (1) f>CNT-f>GNP-VE; (2) f>CNT-

f>GNP-TX100-VE; (3) nf>CNT-nf>GNP-TX100-VE; (4) nf>CNT-nf>GNP-VE. System 

1 and 4 employed CNT and GNP as-received from the manufacturers. System 2 and 3 

applied the as-received CNT and GNP but surface treated with TX100. 

7.2 OHN Characterization Through Spectroscopy 

We conducted both ATR and transmission Fourier-transform infrared 

spectroscopy (FTIR) studies on the neat-VE and OHN specimens. The thinnest specimen 
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slices that we were able to achieve with the precision saw (shown in Figure 37) was 

0.35mm (350µm). As mentioned in Chapter 2, specimens must be less than 50µm to 

attain acceptable transmission FTIR results. As such, we did not include the transmission 

FTIR data in this research. On the other hand, we successfully ball milled specimens into 

a fine powder and administered ATR FTIR on the powder to obtain spectra for the OHN 

specimens. We used the ATR FTIR spectra to determine the chemical bonds present in 

the nanocomposites. 

Figure 65: FTIR spectrum of neat-VE with 68.5% styrene content where wavenumbers 

are labelled at distinct peaks characterizing VE [116]. 
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Figure 65 illustrates the FTIR spectrum of a vinyl-ester resin containing 68.5% 

styrene from a study on the cure kinetics and degree of cure for VE. Figure 66 presents 

the FTIR spectrum from the VE (DERAKANE 8084), containing approximately 40% 

styrene, that we used in this study. The peaks from both figures closely matched each 

other as seen in the absorption frequencies of 1715/1718, 1642 and 1612/1605cm-1. These 

wavenumbers represented characteristics of the carbonyl group, carbon double bonds of 

VE and carbon double bonds of styrene, respectively [116]. Also, the absorption peaks at 

1507/1508cm-1 and 1460/1453cm-1 were related to the VE benzene ring; the peak at 

1170/1181cm-1 indicated C-O-C stretching of the VE; the peak at 945cm-1 was due to 

out-of-plane bending CH bonds in the VE monomer; the peak at 830/829cm-1 represented 

the para disubstituted benzene ring of the VE; the peak at 695/700cm-1 was related to the 

Figure 66: FTIR spectrum for the neat-VE (used in this research) with 40% styrene 

content; important and corresponding transmittance peaks labelled. 
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mono substituted benzene ring of the styrene [116]. The prior wavenumbers that were 

listed second (after forward slash) represented the corresponding wavenumbers that we 

found in our FTIR experimentation on VE. The complementing peaks and wavenumbers 

signify that the vinyl-ester we employed in this study exhibited similar bonds and 

chemical contents to other vinyl-ester resins employed in previous studies. Our VE 

spectrum also provided us a reference to compare it when nanoparticles were dispersed. 

Figure 67 shows the spectra for the neat-VE and the four groups of OHN that we 

fabricated in this research. The results showed parallel spectra and peaks at identical 

wavenumbers. There were hardly any differences in peaks between the neat-VE and 

OHN spectra, most likely because of the minute amounts of nanoparticle inclusions, did 

not influence the chemical characteristics as much. The total weight-percentage of 

nanoparticles included in OHN specimens was 0.75wt%. This was not enough to cause 

peaks to appear in the spectra near 1630cm-1, which is characteristic of C=C stretching in 

CNT and GNP [117]. 

Multiple studies [118-120] have reported a distinct shift in the spectrum near 

1735cm-1 resulting from a direct coupling between the COOH groups in f>CNT and the 

hydroxyl groups of the epoxy resin. This indicated an esterification reaction that took 

place during fabrication of the nanocomposites [118]. As Figure 67 also shows, there was 

no shift in the spectra around 1735cm-1 for our OHN specimens containing f>CNT and 

f>GNP. We believed that the lack of a shift was due to the low COOH contents in the 

f>CNT (>8wt%) and f>GNP (7+/-1.5wt%) [91,93-94]. 

The weight-percentage of TX100 was approximately 1.5-2.0 times the total 

weight-percentage of the carbon-based nanoparticles in each TX100 nanocomposite. As 
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with the CNT and GNP, we believed that the low content of TX100 did not cause a shift 

in the spectra. We concluded that the fabrication procedures produced closely matching 

specimens, with respect to nanoparticle content and chemical bonding, and the OHN 

specimens demonstrated very similar FTIR spectra. 

7.3 Nanoparticle Surface Conditions Characterization Through Spectroscopy and 

Visual Inspection 

The nanoparticles used in the fabricated OHN had one of three surface states. The 

first was CNT and GNP with no functionalization and no surface modification (nf>CNT 

and nf>GNP). The second state was carboxylic (COOH) surface functionalized 

nanoparticles (f>CNT and f>GNP). The third state was surface treated nanoparticles 

(nf>CNT-TX100, f>CNT-TX100, nf>GNP-TX100 and f>GNP-TX100). We believed 

that the process of surface treating the nanoparticles stripped away any existing 

Figure 67: ATR FTIR spectra for the neat-VE and the four OHN specimens. 
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functionalization of the as-received nanoparticles. This left the f>CNT and f>GNP 

without COOH functionalization. Furthermore, we characterized the three surface states 

of the nanoparticles through visual inspection of the nanoparticle-surfactant-solvent 

solutions and through ATR FTIR conducted on the dried nanoparticle powders. 

We observed that the nf>CNT and nf>GNP did not show any distinct peaks 

within the entire frequency range. Without functionalization or surface treatment, the van 

der Walls forces between the carbon-based nanoparticles kept them in agglomerations 

and produced poor dispersions. Accordingly, we observed that the OHN specimens 

fabricated with nf>CNT and nf>GNP demonstrated the lowest enhancement in 

mechanical and thermal properties. 

Figure 68 shows the ATR FTIR spectra of the nanoparticles with the second 

surface state (f>CNT and f>GNP). The f>CNT and f>GNP were COOH functionalized 

Figure 68: ATR FTIR spectra of COOH functionalized CNT (f>CNT) and COOH 

functionalized GNP (f>GNP); very minor peak indicated near 1705cm-1; minor peak 

indicated around 1600cm-1. 
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where carboxyl, carbonyl and hydroxyl groups were attached at the defect sites and at 

ends of the nanoparticles. The f>CNT presented a very weak absorption around 1705cm-

1, which fell within the carboxyl acid range (1725 to 1700cm-1) of the carbonyl expansion 

[121]. The minor peak near 1600cm-1 demonstrated the presence of conjugated ketone 

and amide (low C=O) bonding [121]. These peaks confirmed a slight presence of COOH 

functional group on the f>CNT surface. From Figure 68, the f>GNP did not signal any 

COOH functionalization. Furthermore, the coupling between the COOH nanoparticles 

(f>CNT and f>GNP) and the hydroxyl group of the epoxy resin, mentioned in the 

previous section, did not show up in the FTIR spectra for the OHN specimens. From 

these results, we believe that the f>CNT was minimally functionalized, and the f>GNP 

was not COOH functionalized at all. 

Figure 69: ATR FTIR spectra of Triton X-100 and Triton X-100 surface treated f>CNT, 

f>GNP and nf>CNT; rectangles on left side of spectra show peaks at 2940 and 2850cm-1; 

rectangles on middle-right of spectra show peaks at 1610, 1510, 1450, 1390, 1345, 1245, 

1185, 1100, 1065 and 1010cm-1. 
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The third nanoparticle surface state that we used in this investigation was surface 

treated f>CNT, f>GNP, nf>CNT and nf>GNP. As shown in Figure 69, f>GNP-TX100 

exhibited similar peaks to TX100 near the following wavenumbers: 2940 (C-H, CH2 and 

CH3), 2850 (C-H, CH2 and CH3), 1610 (C=C), 1510 (C=C), 1450 (CH3), 1390 (C-H and 

C-CH3), 1345 (C-H and C-CH3), 1245 (O-H), 1185 (C-O-C), 1100, 1065 and 1010cm-1 

[106]. Moreover, the wavenumber ranges of 1620-1400cm-1 and 1200-1000cm-1 

established the presence of the TX100 benzene ring in the form of ring mode bonding 

and in-plane C-H bending [106]. The f>CNT-TX100 spectrum showed similar but much 

weaker peaks to the f>GNP-TX100 at the same wavenumbers. In Figure 69, the nf>CNT-

TX100 showed minor peaks at wavenumbers 2850, 1510, 1365, 1240, 1185 and 1100cm-

1. These weak peaks suggested a weak presence of TX100 on the nf>CNT surface. We 

did not include the nf>GNP-TX100 spectrum in Figure 69 because it did not show any 

evidence of TX100 surface treatment. 

Upon inspection, Figure 70 further confirms that TX100 was unable to surface 

treat the nf>GNP. Figure 70 also validates the conclusion that the f>CNT-TX100 were 

Figure 70: Nanoparticles 24+ hours after Triton X-100 surface treatment; (a) nf>CNT-

TX100 and f>GNP-TX100; (b) nf>GNP-TX100 and f>CNT-TX100. 

 

a b 
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very weakly treated with TX100. Both nanoparticles (nf>GNP and f>CNT) fell out of 

solution when left undisturbed for 24+ hours after surface treatment, while the nf>CNT 

and f>GNP stayed in the solution. We posited that both nf>GNP and f>CNT did not have 

many defect sites, and thus, TX100 did not adequately attach to the surface. Surprisingly, 

we found that when the CNT and GNP were TX100 surface treated together, there was 

no nanoparticle settling or falling out of solution [125]. We believe that during the 

surface treatment process, the CNT and GNP formed many of the previously described 

3DHN. This in turn increased the surface area of each formed nanostructure and caused 

more defect sites for the TX100 to attach [125]. 

7.4 OHN Fracture Properties 

From our previous work, we knew that all four of the OHN systems would 

demonstrate increases in the mechanical, fracture and thermal properties over neat-VE 

and single nanoparticle inclusion (CNT-VE and GNP-VE) systems. Furthermore, our 

FTIR results showed that systems 2 and 3 would have the best fracture toughness values 

because of the enhanced nanoparticle surface treatments and increased nanoparticle 

Composite 
Avg. KIc 

(MPa*m1/2) 

KIc gain 

over neat-

VE (%) 

±1σ 

Avg. 

GIc 

(J/m2) 

GIc gain 

over neat-

VE (%) 

±1σ 

Neat-VE 1.14 - 0.01 370 - 1 

OHN System 1 1.62 42 0.03 625 69 45 

OHN System 2 1.57 38 0.04 734 98 15 

OHN System 3 1.88 65 0.11 985 166 23 

OHN System 4 1.38 21 0.07 584 58 68 

Table 16: Average KIc and GIc and standard deviations and percentage gains over 

neat-VE for the fracture toughness parameters for the neat-VE and the four OHNs. 
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dispersion. As shown in Table 16 and Figure 71, the average KIc and GIc increased by: 

42% and 69% for system 1, 38% and 98% for system 2, 65% and 166% for system 3 and 

21% and 58% for system 4 confirming our hypotheses. 

Upon further examination of Table 16 and Figure 71, systems 1 and 2 revealed 

similar improvements in KIc over neat-VE, but system 2 saw a more sizeable increase in 

the GIc. The only difference between the two systems was that system 2 had surface 

treated nanoparticles. We surmised that the TX100 treated f>CNT and f>GNP in system 

2 were able to homogeneously disperse into the VE matrix. Referring back to Figure 69, 

the f>CNT-TX100 and f>GNP-TX100 exhibited the most obvious features on their ATR 

FTIR spectra when compared to the spectra from the other nanoparticle surface states in 

this study. We believe that the increased features on the nanoparticle surface inhibited 

agglomerations and increased nanoparticle dispersion. 

Figure 71: Bar chart comparing the average KIc and GIc for the neat-VE and the four 

OHN systems. The error bars represent one standard deviation. 
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The KIc and GIc values in system 3 were even more impressive and constituted the 

best fracture toughness and mechanical results we found in this entire research. We 

believe the reasons for the highest fracture toughness values in system 3 were two-fold. 

The physical differences between the nf>CNT (used in system 3) and f>CNT were the 

first reason where the aspect ratio of the nf>CNT (~2500) was much greater than that of 

the f>CNT (~158). Perez et al. [37] also demonstrated distinct fracture toughness 

improvements of CNT/epoxy composites, when using CNT with higher aspect ratios. 

Furthermore, the nf>GNP and f>GNP had the same manufacturer specified diameter of 

1-2µm, but through SEM images, we noticed that the nf>GNP tended to occur in less 

agglomerations and at smaller diameters. Chong et al. [122] and Wang et al. [62] 

discovered that smaller sized graphene platelets included in polymer increased the 

fracture toughness in the subsequent nanocomposite. 

The second reason had to do with the use of TX100 as a dispersing agent. The 

FTIR results in Figure 69 presented minimal amount of surface treatment with the 

nf>CNT and no surface treatment of nf>GNP. Even though the TX100 was not able to 

fully modify the nf>CNT and nf>GNP surfaces, we theorized that the TX100 was able to 

overcome the van der Walls forces between the nanoparticles and break apart many 

agglomerations. Strano et al. [81] showed that sonication and surfactant absorption 

caused nanoparticles to “unzipper” from one another and decrease the occurrences of 

nanoparticle agglomerations. The unzipped, free nanoparticles were then more easily able 

to form 3DHN within the polymer matrix. 

Finally, in system 4 we found drastically reduced KIc and GIc values when 

compared to system 3. The only difference between the two systems was that we 
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employed the surfactant, TX100, in system 3. As mentioned in the previous paragraph, 

TX100 did not surface modify the nf>CNT and nf>GNP as much as it broke apart 

nanoparticle agglomerations and formed multiple 3DHN. We attributed the lower 

fracture toughness to the lack of TX100 used in system 4 to disrupt nanoparticle 

agglomerations. 

7.5 OHN Thermal Properties 

 From completing the previous parts of this research, we again knew that OHN 

specimens would exhibit a Tg and Tp shift of approximately 5+°C and 4+°C, respectively. 

Also, other research on the thermal properties of hybrid nanocomposites reported 5°C 

and 4 to 7°C increases in the Tg and degradation temperature (50% weight loss), 

respectively [22,69]. As such, we expected that the Tg and Tp of the OHN specimens 

would expand even more than the thermal results found in the f>CNT-VE, f>GNP-VE 

Figure 72: DSC thermographs comparing the Tg for the neat-VE and the four OHNs. 
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and f>CNT-f>GNP-VE systems. Ultimately, the OHN with the best dispersions would 

have the highest thermal properties because of the thermal conductive network formed in 

a uniform dispersion. 

With the OHN, we also conducted thermal studies to fully characterize the 

nanocomposites. Table 17 lists the results from the DSC and TGA/DTG studies, and 

Table 18 records the results from the DMA studies. From the DSC studies, Figure 72 

displays average thermographs of the neat-VE and the four OHN. Each DSC test was 

composed of four cycles: (1) ramp up to 350°C; (2) cool down to room temperature; (3) 

ramp up to 350°C; (4) cool down to room temperature. This allowed the tested samples to 

fully cure on the first ramp up cycle and for the more accurate test results to be recorded 

on the second ramp up cycle. We found that OHN systems 3 (130°C) and 4 (131°C) had 

the greatest Tg increases above neat-VE by ~6% and ~7%, respectively. 

Figure 73: TGA and DTG curves comparing the Tp for the neat-VE and the four OHNs. 
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Figure 73 shows the average TGA and DTG curves for neat-VE and the four 

OHN with the Tp of each system labelled on its DTG curve. Again, we discovered that 

OHN system 4 produced the largest Tp increase to 414°C, while systems 1 and 3 had a 

slightly lower Tp of 412°C. The increase to 414°C represented a ~2% rise in the Tp over 

that of neat-VE.  

Finally, Figure 74 shows the average storage modulus and tan delta (δ) curves 

from the DMA studies administered on neat-VE and the four OHN systems. The storage 

modulus curve reveals the viscoelastic stiffness of the material. Higher initial storage 

modulus and storage modulus curves demonstrate that the material is stronger and stiffer. 

It is also a good barometer on the mechanical properties of each nanocomposite. The 

highest initial storage modulus (3795 MPa) that we recorded was in OHN system 3. We 

Figure 74: Storage modulus and tan δ curves from DMA studies for the initial storage 

modulus and peak tan δ labelled for the neat-VE and the four OHNs. 
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expected this because system 3 had the highest fracture toughness values. On the other 

hand, the peak in the tan δ curve provided an estimate of the sample’s Tg. As we 

explained earlier, we implemented four-cycle DSC studies to pinpoint an accurate Tg. 

Since we only conducted two cycles per DMA test (one ramp up and one cool down 

cycle), we did not get accurate Tg values from the tan δ peaks of the DMA studies. We 

used the DMA curves to measure the shift between the tan δ peaks to verify our DSC 

results. As can be found in Table 18, the shift from the tan δ peak of neat-VE (110°C) 

and all the OHN systems (116-117°C) was 6 to 7°C, which mostly agrees with the 5 to 

8°C shift we found in the DSC studies. 

 

 

Composite Avg. Tg (°C) ±1σ Avg. Tp (°C) ±1σ 

Neat-VE 123 0 406 1 

OHN System 1 128 1 412 1 

OHN System 2 128 1 410 6 

OHN System 3 130 1 412 5 

OHN System 4 131 

 

1 414 5 

Table 17: Average Tg and Tp and standard deviations for the neat-VE and the four 

OHNs. 

Composite Initial Storage Modulus (MPa) 
Tan Delta Peak 

Temperature (°C) 

Neat-VE 2270 110 

OHN System 1 3250 116 

OHN System 2 3555 116 

OHN System 3 3795 117 

OHN System 4 3290 117 

Table 18: Initial storage moduli and tan delta peak temperatures for the neat-VE and the 

four OHNs. 



115 

7.6 OHN Microscopy 

 We examined various fracture surfaces of the four OHN systems using SEM. We 

observed smaller and mid-sized nanoparticle agglomerations, individual CNT and GNP, 

3DHN, other forms of CNT/GNP hybrid nanostructures and a combination of the 

previously listed inclusions. In OHN, we found a correlation between the ease in locating 

3DHN and the number of 3DNH occurrences found on the fracture surface of a specimen 

Figure 75: SEM image of the fracture surface of an OHN system 1 specimen at 1000x 

magnification. Red arrows show small-to-large nanoparticle agglomerations. 
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and higher fracture toughness outcomes for that specimen. This correlation led us to the 

conclusion that the 3DHN were a major factor in the improvement of fracture toughness 

and mechanical properties of a hybrid nanocomposite. 

Figure 76: SEM images of the fracture surface of an OHN system 2 specimen; top image 

at 19000X magnification; bottom image at 40000X magnification focused on the 

graphene nanoplatelet covered with f>CNT (type 1 3DHN). 
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Figure 75 shows an SEM image from a more macro perspective. The image is 

zoomed to 1000x magnification and the numerous red arrows exhibit the small, medium 

Figure 77: SEM images of the fracture surface of an OHN system 3 specimen; top image 

at 20000X magnification with a major fracture line pinpointed by red arrows; bottom 

image at 40000X magnification focused on a nf>GNP with f>CNT (distinguished by red 

arrows) extending from surface (type 2 3DHN). 
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and large nanoparticle agglomerations throughout the fracture surface. From the image, 

we found that the agglomerations and single occurrences of nanoparticles were at, near or 

Figure 78: SEM images of the fracture surface of an OHN system 3 specimen; top image 

at 18000X magnification with a major fracture line pinpointed by red arrows and other 

red arrows locating single and multiple nf>CNT inclusions; bottom image at 35000X 

magnification focused on the edge of an nf>GNP agglomeration with f>CNT 

(distinguished by red arrows) extending from the surface (type 2 3DHN). 
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on fracture lines. Ultimately, the dispersion in this specimen was acceptable, but better 

dispersions would not show the few larger agglomerations seen in Figure 75. 

Figure 76 shows SEM images for an OHN system 2 specimen where a f>GNP is 

covered with f>CNT and a small number of f>CNT extended from the surface. Most of 

Figure 79: SEM images of the fracture surface of an OHN system 3 specimen; top image 

at 33000X magnification; bottom image at 100000X magnification focused a nf>GNP 

with f>CNT (identified by red arrows) extending from the surface (type 2 3DHN) and 

with the partial diameter of some nf>CNT labelled between 20 and 26nm. 
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the f>CNT were lying on the surface of the f>GNP, which was not the ideal 3DHN that 

enhances the fracture toughness of the nanocomposite. Minimal COOH functionalization 

of the f>CNT and f>GNP in OHN system 2 did not reduce agglomerations as much as 

was seen in the other OHN systems. Subsequently there were less occurrences of the type 

2 3DHN and more nanoparticle agglomerations, and the fracture toughness values 

showed less improvement as a result.  

In Figures 77, 78 and 79 we show various images of the fracture surfaces from 

OHN system 3 specimens. The three figures depict various nf>GNP inclusions with 

nf>CNT surrounding and extending from the graphene nanoplatelet. These formations 

are predominately type 2 3DHN where the GNP prevent nanoparticle aggregation and the 

CNT act as perpendicularly extended tentacles from the GNP. Because of these 

Figure 80: SEM image of the fracture surface of an OHN specimen at 18000X 

magnification where there is a nf>GNP in the center of the image and red arrows point to 

both a major fracture line and various nf>CNT inclusions. 
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formations there are less nanoparticle agglomerations and the type 2 3DHN have a much 

higher surface area and interaction with the polymer matrix. From the SEM images, we 

see that the OHN system 3 specimens had the highest fracture toughness values of all the 

nanocomposites tested because they had the highest incidence of the type 2 3DHN. Also, 

the bottom image in Figure 79 shows the diameters of four nf>CNT ranging from ~20 to 

~26nm. The manufacturer lists the diameter of the nf>CNT as ~8nm. We accounted for 

the difference in the fact that the nf>CNT were laying or extending from the fracture 

surface at an angle and they were coated with polymer, which distorted their actual 

diameter. Furthermore, the nf>CNT formations could have been composed of two to 

three nanotubes stuck together. 

Figure 80 illustrates a section of a fracture surface from an OHN. The few 3DHN 

we were able to locate through SEM imaging revealed that the non-TX100 treated 

nf>CNT were laying on the non-TX100 treated nf>GNP surface. This was a type 1 

3DHN and they do not enhance the fracture and mechanical properties as significantly as 

type 2 3DHN. 

The fracture toughening mechanisms seen in the OHN systems were the same as 

we found in our previous work. The CNT, GNP and CNT-GNP nanostructures tended to 

be located at major fracture lines, and individual CNT toughened the nanocomposites via 

nanotube pull-out. Singular GNP increased the fracture toughness by crack bridging and 

crack-deflection. The type 2 3DHN was responsible for enhanced fracture toughness of 

OHN systems through nanoplatelet debonding. Moreover, the type 2 3DHN created 

better nanoparticle dispersions and higher nanostructure surface area, which toughened 

the optimized hybrid nanocomposites. 
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CHAPTER 8. NANOCOMPOSITE EVALUATION BASED ON EXACT 

NANOPARTICLE LOADING AND TOTAL SURFACE AREA 

8.1 Introduction 

 In this research, we used CNT and GNP as the two nanofiller types. The two 

types were further varied by their surface condition, which was either non-functionalized 

(nf>CNT and nf>GNP) or carboxylic acid functionalized (f>CNT and f>GNP). This lead 

to four distinct, as-received types of nanoparticles. 

When comparing the mechanical results of nanocomposites, we related the 

fracture toughness values to the weight percent (wt%) of the nanofillers in each 

specimen. The wt% is a measure of nanoparticle mass divided by the polymer mass as a 

percentage. Within this investigation, we constructed specimens with varying CNT and 

GNP wt% as follows: 0.1wt%, 0.25wt% and 0.5wt%. We also fabricated three 

nanocomposites systems as follows: f>CNT-VE, f>GNP-VE and f>CNT-f>GNP-VE. 

The first two systems are single type inclusion nanocomposites, where we only used one 

type of nanofiller to reinforce the polymer matrix. On the other hand, the last system 

(f>CNT-f>GNP-VE) contains both nanofiller types. 

Current research has investigated the mechanical and thermal properties of hybrid 

(two or more nanofiller types) nanocomposites, but researchers still use wt% as a way to 

differentiate between the produced nanocomposites. We believe that a much accurate 

comparison of hybrid nanocomposites is required by using the total number of 

nanoparticles and the total nanoparticle surface area as the differentiating variables. In
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this chapter, we calculated the two previously mentioned variables for each of the four 

nanoparticles systems employed in this research. We ultimately normalized the fracture 

toughness values with the total number of nanoparticles and the total nanoparticle surface 

area for each hybrid nanocomposite system. 

8.2 Given Variables and Assumptions 

As mentioned in Chapter 2, the bond length between each carbon atom and its 

adjacent carbon atoms in a graphene sheet is taken as dc=c = 1.42Å = 0.142nm [4-5,89]. 

After reviewing past literature, we made the following assumptions: the distance between 

concentric shells (inter-shell distance) of MWCNT is taken as 0.34nm (ds-s) as detailed in 

Figure 81 [110]; the aspect ratio of CNT is high enough to neglect the surface area of the 

tube ends [110]; the thickness of stacked GNP is sufficiently low to neglect the surface 

area of the sides of GNP. Another assumption we made was that both nf>GNP and 

f>GNP (manufacturer listed diameter as 1-2µm for both) were schematically between a 

square and a circle as shown in Figure 82. We calculated the average area of a square 

Figure 81: Cross section of a MWCNT where the inter-shell distance (ds-s) is 

dimensioned as 0.34nm. 
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with 2µm sides and of a circle with 2µm diameter as 3.57µm2. We then multiplied this 

surface area by two to account for the top and bottom sides of a graphene nanoplatelet 

and took the surface area as 7.14µm2 per graphene nanoplatelet. 

The manufacturer of the two types of GNP that we used in this investigation 

described the typical morphology of their GNP as three-sheet graphene substructure with 

further stacking of graphene sheets being common [111]. They also listed the stacked 

specific surface area (SSA) of GNP as ~80m2/g and the dispersed (by shear mixer) SSA 

of GNP as <700m2/g [111]. From our calculations below, the SSA of one side of a 

defect-free, single sheet of graphene was ~1100m2/g (0.0009109g/m2). This value is in 

relative agreement with other research, which reported the SSA of one side of a graphene 

sheet as 1315m2/g [112]. Since we implemented standard procedures to separate and 

disperse graphene nanoplatelets and did not utilize a shear mixer, we assumed that the 

GNP were composed of an average of four sheets. When accounting for four sheets and 

Figure 82: Schematic of the typical graphene nanoplatelet morphology where the surface 

area is taken as half way between a square and a circle. 
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the two sides of a GNP in our calculated SSA of ~1100m2/g, we calculated the SSA for 

one side of a four-sheet GNP as ~275m2/g. This value fell in the upper-middle range 

between the manufacturer provided stacked and shear mixing SSAs. 

Some other variables that we used in the surface area and nanoparticle mass 

calculations are the following: NA (Avogadro Constant) = 6.02214076 x 1023 mol-1; 

nf>CNT outer diameter = 8nm [92]; nf>CNT inside diameter = 3.5nm [92]; nf>CNT 

length = 20µm [92]; f>CNT outer diameter = 9.5nm [91]; f>CNT length = 1.5µm [91]. 

Another known quantity that we used in our calculations was the molecular mass of 

carbon as 12.01g/mol. 

For CNT mass calculations, it was necessary to determine the number of walls in 

both nf>CNT and f>CNT. Since we knew the outer and inner diameter of nf>CNT and 

Figure 83: Graph of the density of CNT versus the CNT outer diameter for differing 

number of walls [110]. 
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the ds-s, we were able to compute the number of walls in a nf>CNT as approximately 

eight. Using the true density of nf>CNT (~2.1g/cm3) [92] and Figure 83, we confirmed 

our assumption of eight walls with the following wall diameters: 8nm, 7.32nm, 6.64nm, 

5.96nm, 5.28nm, 4.6nm, 3.92nm and 3.24nm. With f>CNT, we again used Figure 83, a 

f>CNT density of 2.1g/cm3 and the f>CNT outer wall diameter (9.5nm) to extrapolate the 

number of walls in a f>CNT as nine with the following wall diameters: 9.5nm, 8.82nm, 

8.14nm, 7.46nm, 6.78nm, 6.1nm, 5.42nm, 4.74nm and 4.06nm. 

For nanocomposite comparison purposes, we computed the approximate mass of 

each nanocomposite specimen fabricated. As listed in Chapter 5, our nanocomposites 

were of the following dimensions: 112mm X 24mm X 12mm. This equates to a specimen 

volume of 32.256cm3. With the manufacturer provided density of hardened vinyl-ester 

(DERAKANE 8084) resin at 25°C as 1.14g/cm3 [90], we compute an average specimen 

mass of approximately 36.8g. 

8.3 GNP Surface Area and GNP Mass Calculations 

When calculating the mass of GNP, we started with the most basic graphite 

formation as Figure 84 shows, where the dC=C = 1.42Å = 0.142nm. From geometry, the 

angle between each vertex (carbon atom) of an equilateral hexagon was 120°. Drawing a 

line from one side of the hexagon to the other (line “b”) created a 90° angle on the upper 

side of the line and by deduction, a 30° angle on the lower side of the line. We then 

constructed a line diagonally from one side of the hexagon to the other (line “a”) and it 

became the hypotenuse of the subsequent right-triangle created inside the hexagon. 

Again, from geometry, line “a” broke the 90° angle previously described into 60° and 30° 

angles as shown in Figure 84. Next, we drew line “c” from the center of line “b” 
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perpendicularly to the bottom carbon atom. Finally, we used trigonometry to derive 

Equations 16, 17 and 18, and we solved the equations to produce the following: a = 

2.84Å; b = 2.46Å; c = 0.71Å.  

sin(30) = 1.42 𝑎⁄          (17) 

cos(30) = 𝑏 𝑎⁄          (18) 

sin(30) = 𝑐 1.42⁄          (19) 

Once we obtained all the necessary dimensions and angles of a six-member, 

hexagonal carbon ring, we computed the SSA of a five-by-five carbon rings 

nanostructure as shown in Figure 85. We used the dC=C = 1.42Å, b = 2.46Å and c = 0.71Å 

to total the length of the sides of the nanostructure as 11.36Å by 13.53Å. We computed 

the area of the nanostructure as 153.7Å2 and tallied the number of carbon atoms in the 

nanostructure as 70. We then computed the nanostructures mass by multiplying the 

Figure 84: Hexagonal six-member Carbon ring that CNT and GNP are composed of with 

known and unknown dimensions and angles labelled. 
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number of carbon atoms (70) by the molecular mass of carbon (12.01) which was 

840.7g/mol. With NA, we further quantified the five-by-five nanostructure mass as 

1.40x10-21g. We divided the calculated area of the nanostructure by the computed mass of 

the nanostructure to get the SSA of one side of the five-by-five carbon rings 

nanostructure as 1098m2/g (9.11x10-4gm-2). 

Ultimately, we divided the SSA by the previously computed surface area of one 

side of a graphene nanoplatelet (3.57µm2) to get 3.25x10-15g/nanoplatelet. Adjusting for 

Figure 85: A five-by-five of hexagonal six-member Carbon rings nanostructure with the 

calculated dimensions labeled and the number of carbon atoms listed per row. 
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our assumption of four graphene sheets per GNP, we determined the mass of one GNP as 

1.30x10-14g. We also previously calculated the surface area of one GNP as 7.14µm2 

(7.14x10-12m2/GNP). 

8.4 CNT Surface Area and CNT Mass Calculations 

Carbon nanotubes are one-dimensional rolled up sheets of graphene as described 

in Chapter 2. We first calculated the surface areas of both nf>CNT and f>CNT. The outer 

diameter of nf>CNT was 8nm [92], so we computed the circumference of the nanotube 

ends as 25.13nm. We then took the nf>CNT assumed length of 20µm [92] and multiplied 

by the circumference to get the surface area of nf>CNT as 5.03x10-13m2/CNT. For the 

surface area of f>CNT, we used the outer diameter of 9.5nm and the length of 1.5µm [91] 

to initially determine the circumference of the nanotube ends. We computed the 

circumference as 29.85nm. Then we calculated the surface area of f>CNT as 4.48x10-

14m2/CNT. 

Next, we ascertained the mass of one nf>CNT nanoparticle and one f>CNT 

nanoparticle by summing the surface areas of each wall of the multi-walled carbon 

nanotubes (π*wall diameter*nanotube length). With the assumed eight walls, we summed 

the total surface area of all eight walls of nf>CNT as 2.82x10-12m2. We multiplied that 

total surface area by the previously calculated inverse of the SSA of a graphene sheet 

(9.11x10-4gm-2) to get the mass per single nf>CNT as 2.57x10-15g/CNT. Then we 

summed the total surface area of the nine assumed walls in f>CNT as 2.87x10-13m2. 

Finally, we multiplied the total surface area by 9.11x10-4gm-2 to find the mass per single 

f>CNT as 2.62x10-16g/CNT. 
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8.5 KIc and GIc Comparisons Based on Total Number of Nanoparticles and Total 

Nanoparticle Surface Area 

 We present the summary of the nanoparticle calculations in Table 19 and found 

that the mass and surface areas of the nanoparticles varied by a factor of 10 to 100+. For 

this reason, we believe that it is necessary to also compare the total nanoparticles 

included and total nanoparticle surface area to the fracture toughness values of each 

nanocomposites. Furthermore, we previously evaluated the average specimen mass as 

36.8g. With that value, we quantified the number of nanoparticles and total nanoparticle 

 

surface area in each specific specimen fabricated in this research. We summarized the 

computations in Table 20. 

From Table 20, we did not find any correlation between the number of 

nanoparticles in each specimen and the KIc and GIc values. As evidence of this, we 

compared nanocomposites 3, 9 and 11 because they each contained approximately 7x1014 

nanoparticles in a 36.8g specimen. Despite similar nanoparticle inclusions, the 

nanocomposites had vastly differing KIc and GIc values. 

Nanoparticle 
Mass of One Nanoparticle 

(g) 
Surface Area Per Nanoparticle (m2) 

nf>CNT 2.57x10-15 5.03x10-13 

f>CNT 2.62x10-16 4.48x10-14 

nf>GNP 1.30x10-14 7.14x10-12 

f>GNP 1.30x10-14 7.14x10-12 

Table 19: Mass and surface area of each nanoparticle for the four nanoparticle types used 

in this research. 
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# 
Vinyl-Ester 

Nanocomposite 

CNT+ 

GNP 

mass 

(g) 

CNT+ 

GNP 

Included 

(#) 

CNT+ 

GNP 

Surface 

Area (m2) 

KIc 

(MPa

*m1/2) 

GIc 

(J/m2) 

1 0.1wt%f>CNT 0.0368 1.40x1014 6.29 1.26 449 

2 0.25wt%f>CNT 0.092 3.51x1014 15.73 1.17 446 

3 0.5wt%f>CNT 0.184 7.02x1014 31.46 1.18 383 

4 
0.1wt%f>GNP and 

0.1wt%f>GNP-TX100 
0.0368 2.83x1012 20.21 

1.05 & 

1.07 

297 & 

324 

5 
0.25wt%f>GNP and 

0.25wt%f>GNP-TX100 
0.092 7.08x1012 50.53 

1.14 & 

1.27 

460 & 

610 

6 
0.5wt%f>GNP and 

0.5wt%f>GNP-TX100 
0.184 1.42x1013 101.06 

1.11 & 

1.32 

364 & 

533 

7 

0.25wt%f>CNT-

0.25wt%f>GNP and 

0.25wt%f>CNT-

0.25wt%f>GNP-TX100 

0.184 3.58x1014 66.26 
1.43 & 

1.22  

455 & 

390 

8 

0.25wt%f>CNT-

0.5wt%f>GNP and 

0.25wt%f>CNT-

0.5wt%f>GNP-TX100 

0.276 3.65x1014 116.79 
1.30 & 

1.28 

492 & 

427 

9 

0.5wt%f>CNT-

0.25wt%f>GNP and 

0.5wt%f>CNT-

0.25wt%f>GNP-TX100 

0.276 7.09x1014 81.99 
1.62 & 

1.57 

625 & 

734 

10 

0.5wt%nf>CNT-

0.25wt%nf>GNP and 

0.5wt%nf>CNT-

0.25wt%nf>GNP-TX100 

0.276 7.87x1013 86.54 
1.38 & 

1.88 

584 & 

985 

11 

0.5wt%f>CNT-

0.5wt%f>GNP and 

0.5wt%f>CNT-

0.5wt%f>GNP-TX100 

0.368 7.16x1014 132.52 
1.21 & 

1.25 

297 & 

389 

Table 20: Table listing the mass of the included nanoparticles, number of included 

nanoparticles, total nanoparticle surface area, KIc and GIc for each nanocomposite 

fabricated in this study. Column 3 totals the carbon loading in each specimen. Column 4 

provides the total number of CNT and GNP included in each specimen. Column 5 

presents the total surface area of the CNT and GNP included in each specimen. 
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On the other hand, the total surface area of the nanoparticles included in 

nanocomposites, as recorded in Table 20, showed an effect on the fracture toughness at 

certain values. As seen in nanocomposites 9 and 10, the total nanoparticle surface area 

was between 80 and 90m2. This small range of total surface area demonstrated a distinct 

effect on the KIc and GIc values. Moreover, this translated to between 2.07 and 2.33m2 

nanoparticle surface area per gram of nanocomposite specimen mass as the optimal level 

of inclusion. Furthermore, we calculated the total GNP surface area in nanocomposites 9 

and 10 as 50.53m2, which meant that the total surface areas of the included CNT were 

31.46m2 and 36.01m2, respectively. 

Since Li et al. [64] described a synergistic effect on nanoparticle dispersions when 

GNP is included with CNT, we posit that the large surface area of GNP inhibited 

nanoparticle agglomeration and enhanced the dispersion. As mentioned in Chapter 6, we 

believe that a GNP surface area loading of ~50m2 (0.25wt%GNP) in a 36.8g 

nanocomposite is optimal for the fracture toughness enhancement. We posit that GNP 

loading higher than 50m2 (0.25wt%) reduces the CNT de-agglomeration effects. Also, we 

presume that GNP loading lower than 50m2 (0.25wt%) does not provide enough surface 

area for the formation of type 2 3DHN between CNT and GNP. 

We also ran Pearson correlation coefficient (r) studies and found the following: 

(1) number of nanoparticles included and KIc, r = 0.22; (2) number of nanoparticles 

included and GIc, r = -0.05; (3) total surface area of nanoparticles included and KIc, r = 

0.30; (4) total surface of nanoparticles included and GIc, r = 0.13. With total positive 

correlation at 1.00 and total negative correlation at -1.00, the r values demonstrated a lack 

of overall correlation. 
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CHAPTER 9. CONCLUSIONS 

1. The strategy of a dual reinforcement of nanoparticles into a polymeric matrix 

(Vinyl Ester in this case) has been implemented to improve upon the mode-I 

fracture properties; namely, stress intensity factor, K1c and strain energy release 

rate, G1c. 

2. Nanoparticle reinforcements were carbon nanotubes (CNT) and graphene 

nanoplatelets (GNP). Both functionalized and non-functionalized particles were 

used. In addition, surface treatment of nanoparticles was also carried out with TX-

100 to attach chemical moieties to further improve upon the fracture properties. 

3. A detailed synthesis and fabrication procedures have been developed to produce 

nanocomposite samples for fracture and thermal characterization. The procedure 

involved sonication, mechanical mixing, desiccation, post curing, and machining. 

4. Mechanical testing of nanocomposite samples was carried out according to ASTM 

D5045 to extract K1c and G1c values. 

5. An extensive iterative process was undertaken with various combination 

functionalization and surface treatment of nanoparticles to identify an optimal 

concentration of two nanoparticles that yielded the highest values of K1c and G1c 

These concentrations were 0.5 wt% of non-functionalized CNT, and 0.25 wt% of 

surface treated non-functionalized GNP.
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6. The result was phenomenal when compared with the values of neat Vinyl Ester that 

were used as control samples. Average of K1c values increased from 1.14 to 1.88 

MPa*m1/2 while that of G1c from 370 to 985 J/m2 indicating an improvement of 

65% and 166%, respectively. This was confirmed by testing multiple samples 

produced via multiple batches of nanocomposites. 

7. An exhaustive SEM and FTIR studies were performed to pinpoint the source of 

these improvements. SEM studies revealed the presence of multiple three-

dimensional hybrid nanoparticle (3DHN) structures in the vicinity of the fracture 

path. This 3DHN structures were formed by absorption of CNT in a perpendicular 

fashion onto the surface of GNP during sonication. It appears that such structures 

would, not only offer resistance to crack propagation, but also help increase cross-

linking density during the cure process. 

8. FTIR studies have confirmed the success of surface treatment process and presence 

of associated chemical stretches attached to nanoparticles. 

9. Thermal characterization through DSC, DMA, and TGA have demonstrated that 

there were no discernible changes in glass transition (Tg), viscoelastic behavior, and 

thermal degradation (Tp) temperatures due to reinforcement of hybrid 

nanoparticles. This suggests that optimum concentration of two nanoparticles not 

only increased fracture properties but also retained the thermal characteristics of 

the polymer. 

10. In summary, a pathway to enhance the fracture strength of an important polymer 

through reinforcement of two structurally different nanoparticles has been 

established. Such enhancements are achieved via surface treatment and precise 
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chemical synthesis of nanocomposites with an optimum concentration of 

nanoparticles. 
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CHAPTER 10. FUTURE WORK 

1. Further study the interaction and the extent of treatment between the nanoparticle 

surface treatment (Triton X-100 and carboxyl acid functionalization). Fully 

implement RAMAN and transmission FTIR of nanocomposite slices with 

thickness of less than 50µm to conduct this study. 

2. Construct nanocomposites with CNT and GNP of various surface conditions. The 

following different functionalizations could be used: OH (hydroxyl), O+ (oxygen 

groups), NH2 (amine), N2 (nitrogen), F (fluorine), Si (silicon), ODA 

(octadecylamine), PABS (polyaminobenzene sulfonic acid), PEG (poly(ethylene 

glycol), etc. Also, the following different surfactants could be used to treat CNT 

and GNP: Triton X-114, CHAPS, Tween 20, Tween 80, sodium dodecyl sulfate 

(SDS), CTAB (Cetrimonium bromide), NP-40, etc. 

3. High-shear mixing has been shown to reduce nanoparticle agglomeration and 

produce highly dispersed and homogenous nanoparticle inclusions in 

nanocomposites. Replace mechanical mixing with high-shear mixing in the 

nanoparticle surface treatment and nanocomposite fabrication processes. 

4. Implement different nanofillers like boron nitride nanotubes (BNNT), nanosilica 

and nonoclay in a hybrid inclusion strategy. Utilize different carbon allotropes 

and dimensionalities as nanofillers like C60 (buckminsterfullerenes), graphene 

nanostars, graphene nanoribbons, 3D graphite crystals, and 3D nanotube 

networks, etc.
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