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ABSTRACT 

 
Research and development of graphene and graphene-based materials have been 

attracting significant interest since they were invented. This dissertation mainly focused on the 

graphene-based materials: (a) a fundamental understanding of nanosize functionalized graphene 

inclusions in resin and fiber systems, (b) the development of graphene-based hierarchical 

nanocomposites incorporated with thin layers of graphene papers, and carbon and glass fibers, 

and (c) the mathematical modeling of a process that can be useful for aircraft and wind turbine 

applications. Dispersion, wet layup, and vacuum-assisted resin transfer molding (VARTM) 

processes were used in the fabrication process, and then mechanical, thermal, electrical, and 

electromagnetic interference (EMI) properties of the materials were characterized using various 

techniques. Results of experiments conducted at different concentrations, thicknesses, pressures, 

and types of reinforcement materials show that the graphene-based fiber composites provided 

substantially better physical properties than other conventional carbon and glass-fiber-reinforced 

composites because of the extraordinary physical properties of graphene nanoflakes, rate of 

dispersion, and stronger covalent bonding between the resin and the reinforcement systems.  

MESOTEX (MEchanical Simulation of TEXtile) was utilized to predict the bulk-scale 

elastic modulus of the graphene-based fiber-reinforced composites. Graphene nanoflakes are 

assumed to be randomly and homogenously distributed in Epon 862 epoxy resin. Halpin-Tsai 

theories/equations were first used to simulate the tensile modulus of two-phase graphene-based 

polymeric nanocomposites; however, today’s nanocomposite materials have three-phase 

structures. MESOTEX modeling results on variable laminate composite geometries confirmed 

that this modeling had a good prediction on a three-phase nanocomposite system and the test 

results indicated the existence of agglomeration effects on the properties of nanocomposites. 
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CHAPTER 1 

 

INTRODUCTION 

 

 

In this dissertation, the physical properties of graphene-oxide (GO) fiber-reinforced 

hierarchical polymer nanocomposites and composites were characterized for lightning strike 

prevention using GO thin films and indium tin oxide (ITO) thin films, including direct effects 

and indirect effects. Halpin-Tsai equations and the MEchanical Simulation Of TEXtile 

(MESOTEX) model were utilized to model the elastic properties of pristine-graphene 

nanocomposites. 

1.1 Introduction 

Composite materials are being studied intensively in aerospace and automotive industries, 

as well as many others. Compared to traditional metal materials, composite materials offer 

unique physical properties, including a high specific modulus, good corrosion resistance, and 

good anti-fatigue properties. The diversity of properties that can be specifically customized 

according to application is one of the most important factors involving composite materials [2-5]. 

Common industrial polymer composite materials are composed of fiber reinforcements 

and polymer matrices. Fiber reinforcements include carbon fiber, aramid fiber, glass fiber, and 

natural fiber, among others. Polymer matrices include polyester resin, vinylester resin, epoxy 

resin, and shape memory polymer resins. Polymer-reinforced and fiber-reinforced 

nanocomposites are research solutions to enhancing the shortcomings of common polymer 

composite materials, and they offer multi-functionalities due to the absence of electrical 

conductivity in polymer matrices. 

Impregnating polymer matrices with nanoparticles not only improves the mechanical 

modulus but also the thermal and electrical conductivity of the composite [5-8]. For improving 
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the physical properties of fiber-reinforced composites, graphene offers superior benefits in 

comparison to other nanoparticles, such as carbon nanotubes (CNTs) and fullerene (buckyballs), 

as shown in Table 1.1. 

TABLE 1.1 

 

PHYSICAL PROPERTIES OF COMMON NANO-FILLERS [9] 

 

Materials 
Tensile 

Strength 
Thermal Conductivity 

at Room Temperature (W/Mk)  
Electrical 

Conductivity (S/m) 

Graphene 120–140 GPa 4840–53000 7200 

CNT 60–150 GPa 3500 3000–4000 

Nanosized Steel 1769 MPa 5–6 1.35 x 10^6 

HDPE 18–20 MPa 0.46–0.52 Insulator 

Rubber 20–30 MPa 0.13–0.142 Insulator 

Kevlar 3620 MPa 0.04 Insulator 

 

1.2 Motivation 

In order to systematically study graphene hierarchical polymer nanocomposites and the 

conductivity of GO thin films, it is necessary to understand how the lap-up process will affect the 

resulting nanocomposite. Furthermore, enhancing multiple properties of polymer composites by 

adding graphene as nano-inclusions is becoming a popular process [6, 9]. Several kinds of 

graphene nano-additives are used to enhance physical properties: pristine graphene and modified 

graphene with different functional groups. Pristine graphene refers to graphene that has not had 

any chemical structural modifications, while modified graphene with different oxidation 

functional groups is expected to increase interfacial molecular forces, which is the critical factor 

in increasing the efficiency of load transfer.  
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There are several challenges in fabricating nanocomposite materials. First is the 

homogeneous dispersion of graphene into polymer resin. Graphene and other carbon allotropes 

tend to agglomerate due to intermolecular interactions, such as electrostatic, hydrophobic, and 

van der Waals, making the dispersion process difficult in polymer matrices. Thus, the effective 

utilization of inclusions in resin strongly depends on the ability to disperse them homogeneously 

throughout the matrix in order to achieve good interfacial bonding, which will enhance load 

transfer and conductivity [7, 10-17]. Second, increasing the interfacial bond between nano-

inclusions and polymer matrices could dramatically increase most physical properties of 

polymer-reinforced nanocomposites simultaneously; moreover, stronger interfacial molecular 

bonding results in a stronger bridge effect between polymer matrices and fiber reinforcements. 

The stronger molecular force increases the material’s time to failure. Third, the higher aspect 

ratio of nano-inclusions offers more contact surfaces to interact with the polymer matrices, which 

means a higher volume fraction of polymer matrices, and fiber reinforcements have the 

opportunity to interact with high cohesive bonding from nano-inclusions [13-17]. 

It has been strongly suggested to apply graphene, GO, and ITO as a thin film, which offer 

high electrical conductivity, onto the fuselages of aircraft to prevent lightning strikes. The 

current technique of increasing electrical conductivity of airplanes is to impregnate aluminum or 

copper meshes under the top layer of composite materials, to flame spray metal onto the surface 

of composite parts as a metallic coating, or to implant aluminum or copper meshes as a top layer 

or into the layer below the top layer of fiberglass and Kevlar composite materials [18, 19]. 

However, these techniques not only increase the weight of the airplane and the cost of 

manufacturing, but also the risk of facing galvanic corrosion with the carbon fabric. Klemperer 
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and Maharaj [20] found that nano-fillers (carbon fibers) are able to shield electromagnetic 

interference (EMI). 

Compared to experimental research, computational modeling and mathematical modeling 

offer many kinds of parameters and cheaper solutions to designing materials for engineering 

research and applications [21, 22]; therefore, a mathematical model was built to verify the 

experimental data. 

1.3 Research Objectives 

Based on the literature review, many papers were published on fullerene and CNT 

nanocomposites before the superior physical properties of graphene were discovered [2, 23, 24]. 

Since epoxy polymer resin is a thermosetting with an epoxide group at the endings, the most 

noticeable functionalization methods used on them involved adding an amine functional group, 

which offers the strongest covalent bonding with an epoxide group [25, 26].  

In this dissertation, oxidized graphene is proposed to improve dispersion ability and 

interfacial bonding of fibers and resin since the excessive cross-linking density in a polymer 

matrix could cause microcracks in composites. 

Today, wind turbines and commercial aircraft are composed mainly of polymer 

composite materials, which are vulnerable to lightning strikes. Therefore, providing a path on the 

polymer composite surface to dissipate electricity is very important since composite materials are 

less conductive than metals. Once composite material products have endured the effects of 

weather, other side effects will take place; for example, if metal meshes or expanded foils are 

impregnated on the surface of polymer composites, then galvanic corrosion will weaken the 

electrical dissipation path. GO thin films and ITO coatings will be characterized with direct and 
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indirect effects of lightning strike tests, which may be a solution to overcoming the shortcomings 

of metal meshes. 
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CHAPTER 2 

LITERATURE REVIEW 

 

 

2.1 Graphene 

A better understanding of the world is increasing since nanotechnology has gained 

attention in all aspects of scientific and engineering research. Interest in replacing conventional 

metal materials with polymer composite materials in many industrial applications has increased 

dramatically since the late 19
th

 century [27]. Polymer composite materials offer exceptional 

properties, including a high specific modulus, good environmental resistance, and weight savings. 

Also, combining nanotechnology with polymer composite materials further increases the 

functionality. Nanocomposite material should have excellent modulus-to-weight properties, in 

addition to improved fire-retardant, electrical, thermal, and mechanical properties. 

Graphene is the most ideal nano-inclusion since its invention. Graphene, the fundamental 

structure of many carbon allotropes, is a single sheet of graphite and the flat form of a carbon 

nanotube (CNT) or fullerene (buckyball) (Figure 2.1).   

 
(a)                   (b)                  (c) 

Figure 2.1.  Graphene:  (a) wrapped into 0d fullerenes (buckyballs), (b) rolled into 1d nanotubes, 

or (c) stacked into 3d graphite [28]. 
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Graphene has a high aspect ratio and tremendous physical properties, which include mechanical, 

electrical, EMI shielding, and thermal properties. Furthermore, it has similar properties to CNTs, 

but the research cost is lower. In addition, graphene is manufactured worldwide using low-cost 

methods, such as graphene-oxide thermal exfoliation, chemical reduction of graphene oxidation, 

and microwave chemical vapor deposition [29, 30]. The Department of Physics at the University 

of South Florida has conducted research on using defective graphene as a metallic wire [31] and 

found that it has a larger contact surface area than a CNT due to its carbon structure. With these 

extraordinary properties, graphene is a better reinforcing material for polymer composite 

materials than CNTs or carbon nanofibers (CNFs). Homogenously dispersing graphene in a 

matrix system is a critical step in preparing resin matrices for polymer composite materials. First, 

due to its high surface area, it has a greater van der Waals intermolecular force among the 

graphene particles and thus causes a higher degree of aggregation. Second, the reinforced resin 

must be infused into the fibers uniformly. Third, strong covalent bonds must be built between the 

resin and the fibers. 

Chemical surface modification of graphene is one way to build strong covalent bonds 

between graphene and polymer and increase the polarity, thus improving the efficiency of the 

load transfer. Based on the modified Hummer and Offeman’s method [32], several papers have 

shown successful chemical functionalization of graphene with amine function groups on the 

graphene to increase the solubility and interfacial bonding [9, 29]. In the aerospace industry, 

epoxy resin is commonly used; however, amine function groups may increase the viscosity of the 

resin and the cross-linking density of the polymerization. Oxidized functionalization graphene is 

an option to increasing the interfacial bonding inside the composite materials system with a 

smaller increase in the cross-linking density and less agglomeration [33, 34]. Shen et al. [35] 
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functionalized multi-walled carbon nanotubes (MWCNTs) with amino-functionalization groups 

and found the dispersion improvement in water; Ding and Zheng [36] studied carboxyl and 

amine groups on MWCNTs. By using this functionalization method, gold nanoparticles were 

bonded together, thus making it easier to identify the location of the structure of the functional 

groups in transmission electron microscopy (TEM) images. Wang et al. [37] fully used the 

advantage of  amine functionalization of CNTs and impregnated these into epoxy resin. He 

found that the degree of functionalization was 1 in 50 carbons in the CNTs and that the elastic 

modulus for 0.5 wt% amine-functionalized CNTs improved by 24.6%, instead of 3.2% for 

unfunctionalized CNTs. Karippal et al. [38] impregnated 3 wt% amine-functionalized CNFs into 

epoxy resin using a twin screw extruder. The volume conductivity was improved by 1012 S/cm 

and 109 S/cm for amine-functionalized CNFs and pristine CNFs at 3 wt% load, respectively, 

compared to neat epoxy resin. Thermal conductivity was increased by 106% for amine-

functionalized CNFs and 64% for unfunctionalized CNFs at 150○C. Ultimate tensile strength 

also increased by 61% and 45% for amine-functionalized CNFs and unfunctionalized CNFs, 

respectively. Finally, hardness tests showed a 65% and 43% improvement for amine-

functionalized CNFs and unfunctionalized CNFs, respectively. Young et al. [39] noticed that 

cross-linking density increased when amine-functionalized MWCNTs were dispersed into epoxy. 

At 1 wt% concentration of MWCNTs, results show a 59% and 4% improvement in maximum 

tensile strength of amine-functionalized MWCNTs and pristine MWCNTs, respectively. 

However, the elastic modulus of un-functionalized MWCNTs dropped 10%, compared to a 35% 

improvement in amine-functionalized MWCNTs. In regards to thermal properties, results 

showed a 25% and 46% improvement in thermal conductivity for unfunctionalized MWCNTs 

and amine-functionalized MWCNTs, respectively, compared to neat epoxy resin; in contrast, the 
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glass transition temperature decreased by 5% and 2% for unfunctionalized MWCNTs and amine-

functionalized MWCNTs, respectively. 

2.2 Polymer Nanocomposites 

The distinction between fiber-reinforced nanocomposites and resin-reinforced 

nanocomposites is that the former involves fiber reinforcement in the system. With graphene 

impregnated into the matrix system, many different properties are improved, such as the 

electrical conductivity, thermal conductivity, and especially mechanical properties [9]. Goyal et 

al. [40] mixed exfoliate graphite (EG) with polyphenylene sulfide (PPS) in ethanol for good 

dispersion, and then hot pressed it to create PPS nanocomposites. They reported that EG has an 

electrical conductivity of 2.26 by 104 S/cm and a much lower percolation threshold than other 

materials. Liang et al. [41] fabricated graphene nanocomposites by using solution-processable 

functionalized graphene in epoxy resin and found that the percolation threshold is 0.52 vol%. 

Lee et al. [42] added functionalized graphene sheets to waterborne polyurethane using an in situ 

method. The electrical conductivity of the functionalized graphene sheets nanocomposites 

increased by five orders of magnitude compared to pristine-graphene sheet nanocomposites. 

Thermal conductivity is the material property of energy transportation from one side of 

an energy barrier to another side of an energy barrier. In gas and liquid phases, molecules are the 

energy carriers that transport energy by diffusion or advection. However, photons, electrons, and 

phonons are the primary energy carriers. Photons mainly affect thermal conductivity and 

electrical conductivity [43]. Zarate and Lopez-Manchado [44] prepared a nanocomposite with a 

high-shear blender to mix CNTs and graphene into resin homogeneously. They noticed that, 

while the specific surface was decreased by adding functional groups, the thermal conductivity 

had a slight improvement. 
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The improvement of the mechanical properties of composite materials is extremely 

important to the aircraft industry, among others. Zhao et al. [45] prepared graphene-based 

nanocomposites with exfoliated graphene and polyvinyl alcohol (PVA) through a facial aqueous 

solution. A 1.8 vol% of graphene mixed with PVA achieved a 150% improvement in tensile 

strength. This research also concluded that the graphene was randomly distributed in the polymer 

matrix according to the Halpin-Tsai equation. Ansari and Giannelis [46] improved the storage 

modulus by 100% with 4 wt% of functionalized graphene inside polyvinylidene fluoride (PVDF). 

Liang et al. [47] increased the tensile strength of PVA/graphene nanocomposites 76% by adding 

as little as 0.7 wt% of graphene oxide. 

2.3 Dispersion and Functionalization Methods 

Good dispersion of CNTs/graphene into matrices is important and has been thoroughly 

researched. Dispersing nanoparticles well into a resin matrix system is a vital step. Table 2.1 

shows a comparison of five common methods of dispersion.  

TABLE 2.1 

 

COMPARISON OF DISPERSION METHODS FOR CNTS AND GRAPHENE  
 

Methods 
Structure 

Defects 

Suitable Resin 

to be Used 
Parameters Comments 

Three-Roller 

Milling 
No Liquid resin 

Gap distance, rotation 

speed 

Difficulty  cleaning after 

use 

Ball Milling Yes 
Solid or 

powder resin 

Balls materials and 

sizes, rotation rpm and 

speed 

Easy to use and clean 

Stirring No 
Low-viscosity 

resin 

Propeller size and 

shape, rotation speed 

and time 

Easy to use and clean 

Extrusion No Thermoplastics 
Screw rotation speed 

and time 

Relatively massive 

production and hard to 

clean after use 

Ultrasonication Yes 
Low-medium-

viscosity resin 

Sonication power and 

time 
Easy to use and clean 
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Three methods for homogeneous dispersion of CNTs into matrices were evaluated by 

Grossiord et al. [48]. Nanoparticles tend to form a large aggregate due to their unique chemical 

properties, such as ionic-bonding attraction and hydrogen-bonding attraction [49]. There are 

many conventional mixing methods, such as hand mixing and high-speed mechanical 

homogenizing. Figure 2.2 shows the calendering process (three-roll miller), which utilizes shear 

forces from rollers to homogenously mix nano-inclusions into a resin system. Other than this 

application, the calendering machine has been widely used to produce various thicknesses of film 

inks, paints, printing inks, coatings, and foods [16]. The limitations of this process are that the 

minimum gaps of rollers are larger than the width of single CNTs, which means that only large-

scale agglomerations of CNTs could be reduced to smaller scales. Moreover, thermoplastic 

matrices, such as instant polypropylene and polyethylene, are not able to be mixed into a 

calendering machine due to their non-viscous state [16].   

 
 

Figure 2.2.  Schematics showing general configuration and working mechanism of calendering 

(three-roll miller) machine used for dispersing nano-inclusions into resin system [16]. 

 

However, the extrusion method can be used to disperse CNTs and graphene into 

thermoplastics. Figure 2.3 shows the schematics of equipment used in both mixing and extruding 

processes.  Stirring can be done by hand or with machines that introduce graphene and CNT into 

the resin system. The shape and size of the propeller along with its rotation speed control the 

results of dispersion, as shown in Figure 2.3 (a) [16]. Figure 2.3 (b) shows an extrusion machine 
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with two screws that rotate at high rpms to separate a CNT and graphene agglomeration and mix 

them homogeneously into the resin system.  

 

(a) 

 

(b) 

 

Figure 2.3.  Process schematics: (a) mixing and (b) extruding [16]. 

Ball milling offers another type of mechanical mixing method. With high-quality balls, 

either ceramic or stainless steel, a ball mill can grind the particles down to 100 nm; this is better 

than the calendering process, which has minimum gaps of 1-5 µm between rollers. Wang et al. 

[50] proposed that using a ball mill to mix ammonium bicarbonate and CNTs together would 

allow the amine and amide functional groups to attach to the surface of the CNTs. This method is 

more efficient at disentangling CNTs than any chemical process. 

 A non-destructive dispersion method is also available. Ultrasonication dispersion is an 

excellent way to achieve good mixing with minimum contact with nanoparticles. Here, a 

sonicator with a probe applies ultrasound energy that agitates nano-inclusions in a resin system, 

and the viscosity of the resin becomes low due to the high-energy transmissions from the 

ultrasonic probe. An ultrasonic bath also provides ultrasound waves that penetrate the resin, 
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aggregated graphene, and CNTs, and creates a “peeling off” effect to separate them [51]. 

However, due to the high-energy penetration from ultrasound waves, the structure of graphene 

and CNTs could be compromised if the ultrasonication process takes too long. Lu et al. [52] 

concluded that extra sonication time on CNTs will cause a small amount of structural defects, 

such as buckling, bending, and dislocation. Figure 2.4 shows that the energy band jumps from 

the G band (graphite is 1585 cm
-1

) to the D band (graphite is 1286 cm
-1

). Graphite has energy in 

the D band, which means that dislocation defects occur in the carbon structure. 

 

Figure 2.4.  Raman spectra analysis of CNTs before and after sonication [52]. 

 

It is always easier to mix nanoparticles with a resin matrix system before adding a 

catalyst or hardener. During the early curing stage, continuous dispersion may be driven by 

chemical thermodynamics, the key factors being intercalation and exfoliation (Figure 2.5) [53]. 

Exfoliation is when nano-inclusions, such as graphene and CNTs, are completely separated from 

each other (delaminated) in the presence of a resin system. This occurs when interfacial forces 

between nano-inclusions are overcome by resin chains. However, intercalation occurs when resin 

chains are inserted into nano-inclusions, with groups of bonded nano-inclusions sticking together 

(partial delamination). 
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Figure 2.5.  Different morphologies of dispersion stages in polymers: segregation (left), 

intercalation (center), and exfoliation (right) [54]. 

 

 It is important to understand the fundamentals of nanoparticle dispersion into polymers. 

As shown in Figure 2.6 (a),  multiple stacks of nanoparticles combine into an aggregate, and the 

epoxy molecules try to diffuse into the gap of nanoparticles; the weak diffusion force is defined 

in this way. Figure 2.6 (b) shows that an external dispersion force participates in the diffusion 

process, the stacks of nanoparticles are more easily broken, and the molecules of resin continue 

to diffuse into the gaps. Figure 2.6 (c) shows further diffusion after the stacks break apart. Figure 

2.6 (d) shows further diffusion with a continuous external dispersion force applied in the system. 

Figure 2.6 (e) shows how the mechanism of the molecule of resin attacks the aggregates and 

applies the shear force to peel off the stacks. 
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Figure 2.6.  Progression of dispersion of nanoparticles into polymer [53]. 

 

 A systematic study of dispersion methods and factors was performed. For example, 

before adding hardener, good dispersion of the nanoparticles into a system is the most important 

step. Mixing temperature, external shear force, speed, and mixing time do not significantly affect 

the diffusion result but have a positive effect on the pre-mixing step; however, the continuous 

application of all of these factors through the curing step will create appropriate dispersion 

results [53]. 

Thermogravimetric analysis (TGA) and X-ray diffraction (XRD) are common techniques 

used to analyze and characterize the surface structure of nanocomposites. TGA is used to 

evaluate the basal plane spacing changes of nano-inclusions after chemical functionalization of a 
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surface structure. XRD is used to analyze the basal plane spacing changes of nano-inclusions, not 

only after surface modifications but also after nanocomposites are cured. 

Mittal’s [55] studies determined that any excessive surface modification may have a 

negative effect on the properties of nanocomposites. The tunneling effect is caused by a thin 

layer of matrix insulates linking between CNTs or graphene to form a global connection. 

Tunneling percolation greatly affects this factor when the volume fraction of nano-inclusions 

nears the percolation threshold. Johner et al. [56] studied the tunneling threshold mechanism, and 

their results could explain the localized transport exponents noticed in random conductive nano-

inclusions in insulated matrices. Hicks et al. [57] noticed that graphene, with its high aspect ratio, 

led to a low content density. Higher aspect ratios and lower entanglements of nano-inclusions, 

such as CNTs and graphene, lower the percolation threshold. 

2.4 Electrical Conductivity 

 Since they were introduced in the 1950s, percolation phenomena have been extensively 

studied for their effects on the physical properties of nanocomposites [58, 59]. Percolation theory 

shows that the dramatic physical properties change just above or below the critical connectivity 

point in a random system [58]. Figure 2.7 shows that as the volume fraction (volume 

concentration) f approaches the percolation threshold fc, the physical properties of the 

nanocomposite abruptly change (e.g., electrical conductivity, dielectric constant (k)).  
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Figure 2.7.  Change of functions of four properties of nanocomposites when volume fraction of nano-

inclusions approaches percolation threshold fc [58]. 

 

 The percolation threshold fc is the critical point at which a global network connection is 

formed with a minimum volume fraction of nano-inclusions. The microstructure of composite 

materials plays an important role in determining electrical properties. Many parameters or factors 

affect the percolation threshold for certain nanocomposite materials:  

• The Sher-Zallen invariant, which is well accepted, has predicted that the percolation 

threshold is 0.16 vol%, if nano-inclusions have a spherical or similar shape and are 

homogenous and randomly dispersed [60]. Figure 2.8 shows the percolation threshold of 

spherical nano-inclusions, where R1 is the larger-shaped particle size, and R2 is the 

darker-shaped particle size. Figure 2.8 clearly shows that if R1/R2 is getting larger, then 

the percolation threshold is decreasing.  

'()*+(,-+.	 ∝ 	 |1 − 13|±5 
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Figure 2.8. Percolation threshold of spherical nano-inclusions [58]. 

 

• However, if nano-inclusions are mainly ellipsoidal in shape, then it is much easier for 

them to contact each other and form a global connection. Therefore, the larger aspect 

ratio of ellipsoid-shaped nano-inclusions leads to a decrease in the percolation threshold.  

Graphene and other carbon nano-inclusions have attracted attention in creating 

multipurpose polymer composites. Graphene has a large aspect ratio (up to 1040) among 

conductive nano-inclusions, superior conductivity (see Figures 2.9 and 2.10), and compatibility 

with polymer matrices after chemical modification, which makes it an ideal nano-inclusion for 

dramatically improving the properties of polymer composites with a low percent of content.  

 
Figure 2.9. Electrical conductivity (solid line) and dielectric  constant (dashed line) with graphene 

volume fraction measured from 0-15 vol% at room temperature and frequency of 1 kHz [61]. 
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Figure 2.10.  Electrical conductivity of polystyrene-graphene composites as a function 

of filler volume fraction [62]. 

 

2.5 Micromechanics of Nanocomposites 

 

2.5.1 Hierarchical-Reinforced Nanocomposites 

 

Hierarchical-reinforced nanocomposites, also called fiber-reinforced nanocomposites, 

consist of fibers (carbon, glass, etc.), a polymer matrix system, and nanoparticles. Fibers carry 

the load for polymer composites, while the polymer matrix system is a medium to embed fibers 

together and transfer the load to the fibers, as well as provide environmental protection against 

weathering effects. Nanoparticles, which include carbon nanofibers, carbon nanotubes, graphene, 

etc., not only add multiple functionalities to traditional polymer composites, such as electrical 

conductivity, thermal conductivity, and fire retardancy, but also improve the mechanical 

modulus. 

Zhan et al. [63] increased the electrical conductivity of nano-ceramics by adding single-

walled carbon nanotubes (SWCNTs). With the intention of improving the conductivity and 

mechanical properties, SWCNTs should not suffer from any defects during the consolidation 
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process. Conductivity increased from 20.6 S/cm at 194⁰C to 3775 S/cm at 77⁰C by mixing in 15 

vol% of SWCNT/Al2O3 as an inclusion. 

Fukushima et al. [64] developed a specific treatment to exfoliate graphite flakes. 

Exfoliated graphite was prepared using nitric acid (oxidizer) and sulfuric acid (intercalate). Three 

different nanocomposites—nylon 6, nylon 66, and high-density polyethylene (HDPE)—were 

fabricated by adding exfoliated graphite nano-flakes and tested using three different thermal 

conductivity measurement methods.  

Figure 2.11 shows three different thermal conductivity measurements. It is not accurate to 

measure high-thermal-conductivity material using differential scanning calorimetry (DSC), since 

it depends on the slope of the gallium melt curve. Even so, all of the data shows that the thermal 

conductivity increases by adding more volume percentage of exfoliated graphite. 

 

Figure 2.11. Thermal conductivity measurements: nylon 66 composites measured by halogen 

flash and DSC methods (left), HDPE composites measured by halogen flash and hot wire 

methods (middle), and 15/nylon 6 composites measured by halogen flash method (right). 

 

Most commonly, a weight fraction is used in the experimental calculation; therefore, 

Zhao et al. [45] found that converting the weight fraction w (wt%) to a volume fraction v (vol%) 

is useful, as shown in equation (2.1): 

 % = 89:89:;�<=8	9> (2.1) 
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where �� and �� are the density of the polymer matrix and density of the graphene, respectively. 

With a 1.8 vol% of graphene inclusion, the tensile strength and Young’s modulus are increased 

by 150% and 1,000%, respectively. 

2.5.2 Dry-Fiber Composites 

Other than prepreg composite layup fabrication, resin transfer molding (RTM) and 

vacuum-assisted resin transfer molding (VARTM) are attracting more attention in certain 

applications. Dry fibers are in high demand for use in both processes. Several patterns of the unit 

cell are found in woven fibers [65]. As Figure 2.12 shows, composites have different repeating 

patterns for different architectures. Therefore, it is essential to understand the geometry and 

architecture of fibers for micromechanics modeling. 

 

Figure 2.12.  Several repeating unit patterns of woven fibers [65] 

 

Scida et al. [66] presented a micromechanical model, called MEchanical Simulation Of 

TEXtile (MESOTEX). This model is used to predict elastic properties of fiber-reinforced (non-



22 

hybrid or hybrid weave) composites. It works together with the classical thin laminate theory, 

each woven structure, strand undulation in the x and y directions, and mechanical properties of 

each composition (fill, warp strands, and resin). Figure 2.13 shows a sketch of a plain-weave 

fabric fiber with one-unit cell geometry.  

 
 

Figure 2.13. Sketch of plain-weave fabric fiber with one-unit cell geometry [66]. 

 

Using equation (2.2), the elastic properties of the composite unit cell, such as the 

Young’s modulus, Poisson’s ratio, and shear modulus, can be predicted [66]: 

 ?@�A�B = C��� 	��, �	 
��	��, �	
��	��, �	 ��� 	��, �	D EF�
�
G�H					�I, J = 1,2,6	 (2.2) 

where ��� 	��, �	, 
��	��, �	, ��� 	��, �	 are the in-plane stiffness coefficients for each infinitesimal 

element, so that C��� 	��, �	 
��	��, �	
��	��, �	 ��� 	��, �	D  is the stiffness matrix. Therefore, the stiffness 

coefficients for each infinitesimal element can be calculated by equation (2.3): 

 ���	��, �	, 
��	��, �	, ��� 	��, �	 = N �1, O, OP	���� QOR/P=R/P  (2.3) 

where 

 ���� =
TU
UU
V WXYZ[Y %\]� WŶ

Z[Y 0
%]\� WXYZ[Y

WŶ
Z[Y 0

0 0 \̀]� ab
bb
c
				�I, J = 1,2,6	 (2.4) 
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where de� = 1 − %\]� %]\� , and superscript I is each constituent (fill, warp strands, and resin). 

Therefore, ����  is the essential parameter for each constituent. The in-plane local stiffness 

coefficients ��� 	��, �	, 
��	��, �	, ��� 	��, �	 for each infinitesimal element are the function of the 

strand’s orientation θ��x	 and θ!�y	 (Figure 2.14). 

 θ��x	 = arctan ijk�l	il   (2.5) 

 θ!�y	 = arctan ijm�n	in   (2.6) 

 
 

Figure 2.14.  Fiber undulation of fill and warp strands [66]. 

 

 In order to convert local elastic constants to global coordinate system constants, equation 

(2.7) and equation (2.8) are utilized for the fill strand and warp strand, respectively: 

 E�θ�	lp = q <rs cost�θ�	 + q <vsw − 2 xswrs y cosP�θ�	 sinP�θ�	 + <rw sint�θ�	y=< 

 E�θ�	np = EP (2.7) 

 v�θ�	lnp = E�θ�	lp qcosP�θ�	 xs{rs + sinP�θ�	 x{wr{ y 

 G�θ�	lnp = q}~�{��k	v{w + ��}{��k	vs{ y 

 

 E�θ!	lp = EP 
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 E�θ!	np = q <rs cost�θ!	 + q <vsw − 2 xswrs y cosP�θ�	 sinP�θ�	 + <rw sint�θ!	y=<
 

 v�θ!	ln� = E�θ!	l� qcosP�θ!	 xs{rs + sinP�θ!	 x{wr{ y (2.8) 

 G�θ�	lnp = q}~�{��m	v{w + ��}{��m	vs{ y 

The global stiffness coefficients for each infinitesimal element A, B, and D can be 

calculated using equation (2.9): 

	 �A, B, D	n = <� N �A�x	, B�x	, D�x	�dx�� 	
	 �A, B, D	������ = <� N �A�y	, B�y	, D�y	�dy�� 	 �2.9		
2.6 Graphene-Oxide Paper 

Several thin-film or paper-form nanomaterials have been invented in the last decade [67-

74]. Buckypaper, named in honor of R. Buckminster Fuller, is a bulk-scale aggregated carbon 

nanotube. Yeh et al. [75] found that a better way to fabricate CNT nanocomposites is to make 

CNT as a thin film, or buckypaper. They developed a statistical model of buckypaper to 

characterize the fabricating parameter, and results show that the surfactant selection is the most 

essential parameter affecting performance and variability. Lin and Liang [76] reported that a 

novel method to lay up SWCNT nanocomposites has been developed by Florida State University. 

Well-dispersed SWNTs were made into a thin membrane and then transformed into a 

nanocomposite. A systematical study of this paper investigated the material results of the random 

distribution of SWNTs and magnetically aligned SWNT nanocomposites. Three stages of SWNT 

net forming were noticed: free deposition, network formation, and thickness buildup. The 

magnetically aligned buckypaper is thinner and has a higher density than randomly distributed 

buckypaper. Click [77] mentioned that as the quality of CNT buckypaper improves, the cost of 

producing CNT buckypaper decreases, since it can be used in many applications, such as 
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electromagnetic interference shielding for lightning strike threats and fire retardant skin, which, 

regardless of the application, will boast superior mechanical properties. 

Dikin et al. [70] published a study on how to prepare and characterize graphene-oxide 

paper, which is a free-standing form of paper. It could be used as a protective layer, an adhesive 

layer, and in some electronic components. Park et al. [71] utilized chemically modified graphene 

sheets into graphene-oxide paper with an electrical conductivity of 160 S/cm. 

2.7 Lightning Strike Protection 

According to statistical data, an airplane is struck by lightning once annually. Airplane 

fuselages are mainly composed of aluminum alloy materials, which have very good conductivity. 

Therefore, fuselages suffer minor burn marks when an airplane is struck by lightning. The 

electrical energy passes through the surface skin from one extremity to another along the highly 

electrically conductive skin. Extremities, such as the nose, tail, and wing tips are the most likely 

to be stricken [78]. When an airplane in flight suffers a direct lightning strike, the electric current 

is swept backwards of the fly direction [78]. In 2006, Broc et al. [79] introduced a theory of how 

lightning current travels on an airplane body. Polymer composites have much less electrical 

conductivity compared to metals because most resin systems are insulators. Hence, electrical 

conductivity is a greater concern on fuselages since the aircraft industry started using polymer 

composite materials to replace conventional metals due to the significant savings in weight, a 

higher mechanical modulus, and resistance to environmental weathering [78, 80]. 

When a lightning strikes an airplane, there is both a direct and an indirect effect. Epoxy 

resin can be vaporized, charred, and degraded instantly when a 200,000 electric current touches 

the surface of a polymer composite, and vital laminate structural damage may occur as well; 

therefore, any laminate damage is considered a direct effect [78]. The original aluminum-sheet 
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fuselages create a Faraday cage effect to eliminate unwanted static electric fields from electronic 

circuits with high electric voltage surges. Electromagnetic interference occurs when circuits or 

electronic equipment are subject to unwanted sources that emit electromagnetic radiation, thus 

causing circuit and equipment malfunctions. This is considered an indirect effect, which causes 

more serious harm than a direct effect. 

Feraboli and Kawakami [81] and Feraboli and Miller [82] analyzed the relative damage 

to carbon epoxy composites subjected to lightning strike tests (fastener filled-hole plates) and 

mechanical impact tests (fastener unnotched plates). Their results concluded that more severe 

damage was caused by mechanical impacts than lightning strikes.  However, they observed fiber 

pyrolysis, resin vaporization, and delamination with lightning strikes. 

Gibson and Putthanarat [83] found that current lightning-strike protection, which uses 

metallic meshes, foils, and weaves, is heavier and causes issues with repair. Thus, using the 

RTM process to impregnate the SWNT buckypaper, vapor-grown carbon nanofibers (VGCFs) 

buckypaper or nickel nanostrands
TM

 (NiNS) as surface protection materials of polymer 

composites could be a solution to protection from lightning strikes. NiNS material has a greater 

electrical conductivity than SWNT material or VGCF buckypaper. After a Zone 2A lightning 

strike simulation test, it was shown that fiber damage and possibly the depth of the damage was 

reduced 34% by SWNT buckypaper, as shown by the C-scanning method. 

Wu et al. [84] used multi-walled carbon nanotubes and short carbon fiber (SCF) as nano-

inclusions to increase the surface electrical conductivity against the threat of a lightning strike. 

They dispersed nanoparticles into resin and ground the resin-reinforced nanocomposite into a 

thin film. Results showed that the mechanical properties and conductivity increased 

simultaneously. 
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 Liang et al. [19] evaluated five different nanofiber papers for EMI shielding and lightning 

strike protection. Results showed a positive correlation between the surface electrical 

conductivity and the direct effect and indirect effect of lightning strikes. The EMI shielding 

effectiveness (SE) results showed that nanofiber paper meets commercial application 

requirements.  



28 

CHAPTER 3 

 

MECHANICAL CHARACTERIZATION OF GRAPHENE-OXIDE FIBER-

REINFORCED HIERARCHICAL POLYMER COMPOSITES USING WET LAYUP 

AND VARTM METHOD 

 

 

3.1 Introduction of VARTM 

It is important to find a cost-effective way to manufacture high-quality polymer 

composites using an out-of-autoclave (Ooa) method. This method of composite manufacturing 

research has attracted considerable attention, initially in non-aerospace composites applications 

[85, 86]. Therefore, other composite-manufacturing techniques, which include RTM and 

VARTM are being reevaluated for OoA purposes.  

Figure 3.1 shows that RTM is relatively more costly than VARTM, because it requires 

two-sided moldings, which is not cost effective for larger-scale composite processes [87].  

 
 

Figure 3.1.  Schematic front and side views of RTM process for manufacturing  

fiber-reinforced nanocomposites. 

 

Cheng et al. [87] added CNTs to epoxy resin as a nano-inclusion using the RTM 

fabrication method to enhance the Young’s modulus and tensile strengths by 716% and 160%, 

respectively. Figure 3.2 is a schematic drawing of the VARTM process, a modified version of 

the RTM process that uses vacuum pressure as a top mold to impregnate preforms.  
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Figure 3.2.  Typical VARTM fabrication process. 

 

The perform fibers are laid on the molding tool, which has been coated with a release agent in 

order to facilitate later removal of the composite from the molding tool. A peel ply laid on top of 

the fibers prevents a difficult separation of the composite from the bagging material. A 

distribution medium is placed on top of the peel ply in order to guide resin flow in the lateral 

direction (see Figure 3.3). The resin inlet is attached with a spiral pipe around the fibers. The last 

part of the process, bagging, seals the mold when a vacuum is applied. Once air is vacuumed out 

of the bagging, degassed resin is infused into the fibers as a result of the pressure difference and 

cures with the shape of the perform fibers. Incorrectly degassed resin can lead to poor 

consolidation, which creates voids and dry spots that could fail the quality inspection and 

degrade the physical properties of the composite. 

 Depending on the composite’s size, the smaller-sized VARTM process uses a 

longitudinal flow method, shown in Figure 3.3 (a), in which the permeability of fiber layers are 

higher than the permeability of the fiber itself; therefore, the resin flows more easily between the 

fiber layers. However, for larger sizes and more complicated shapes, the preferred VARTM 

method uses a distribution medium that increases the permeability of the top of the fibers to 

make the resin flow toward it before it flows down, shown in Figure 3.3 (b). This process has 

been patented by Hardcore Composites Operations, and the infusion technology has been 

patented by Seemann/TPI [1]. 
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Figure 3.3.  Two-way resin flow for VARTM fabrication: (a) longitudinal, and (b) transverse. 

 

Many factors can affect the impregnation process of VARTM. A resin system with a low 

viscosity can be more easily infused and create higher-quality nanocomposites. Equation (3.1), 

Darcy’s law, represents the infusion process of resin impregnation: 

 Q = ��� i�il	 (3.1) 

where Q is the flow rate of section area A, η is the viscosity of the resin, k is the permeability of 

the fibers, and 	i�il  is the pressure gradient. Normally, the viscosity of the resin to be vacuumed 

into the VARTM system must be less than 300 centipoise (cps); however, RTM could use a resin 

system of up to 800 cps because it can use a pump force of up to 300 psi, which is much higher 

than the vacuum force used in VARTM [88]. The nano-inclusion family as a secondary 

reinforcement in composite structures is being intensively studied. The carbon nano-inclusion 

family includes CNFs, fullerenes, CNTs, and graphene, as shown previously in Figure 2.1 (a).  

 Appendix A shows that CNFs have been widely investigated for use in enhancing the 

physical properties of resin systems, such as electrical conductivity, thermal conductivity and the 

(b) 

(a) 
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dielectric constant [89-94]. Monti et al. [91] utilized a calendering process to disperse carbon 

nanofibers into unsaturated polyester resin to make nanocomposites. The electrical conductivity 

increased from 10-13 to 10-7 S/cm at a percolation threshold of 0.3 wt %. In his thesis, Lee [94] 

added CNFs into linear low-density polyethylene, which has poor electrical conductivity, and he 

observed the effect on the electrical properties of the resin when the percolation threshold was at 

15% and 30% for first-grade and second-grade CNFs. Zuev et al. [90] evaluated fullerene C60, a 

mixture of C60/C70, fulleroids soot, and carbon black in both epoxy and polyamide-12 resins, and 

nanocomposites were prepared by an in situ polymerization method. Those additives did not 

affect the thermal and electrical properties of resins; however, the Young’s modulus and the 

tensile strength of polyamide-12 improved 30–40% with a 2–8 wt% load. Rafiee et al. [89] 

evaluated the mechanical properties of epoxy nanocomposites with fullerenes (C60) as nano-

inclusions. All mechanical properties, including Young’s modulus, ultimate tensile strength, 

fracture toughness, fracture energy, and material resistance to fatigue crack propagation 

properties, dramatically improved with 0.1–1 wt% of concentration. Gavrilov et al. [93] studied 

nanocomposites of polystyrene and onion-like carbon (OLC) and found that, in the low voltage 

frequency ranges of 0.5–500 kHz, the nanocomposite begins to near the percolation threshold at 

20 wt% of the OLC load. 

Many papers have been published regarding CNT-based nanocomposites. Min et al. [51] 

reviewed the mechanism of the electrical conductivity of CNTs with an ambient resin system, 

and discussed some critical factors of determining the percolation threshold. Fan et al. [95] 

studied the increase of interlaminar shear strength of fiber-reinforced epoxy resin by adding 

multi-walled carbon nanotubes. Short-beam shear tests and compression shear tests were 

conducted to characterize the effect of the MWCNTs. Results indicated that the interlaminar 
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shear strength improved by a little more than 30% with MWCNTs present. Mei et al. [96] 

researched the addition of multi-scale CNTs into carbon-fiber-reinforced epoxy composites and 

observed a high interfacial strength. Also, Bekyarova et al. [97] performed similar research but 

used the VARTM process to make nanocomposites. CNTs helped increase the interlaminar shear 

strength by 30% compared to neat epoxy resin composites. 

3.2 Experimentation 

3.2.1 Materials 

The pristine graphene used in the experiments, N008-100-N, was purchased from 

Angstron Materials, Inc., Dayton, Ohio. The physical size of this carbon in fine grayish-black 

powder form averages less than 5.00 µm in the x and y dimensions, and 50–100 nm in the Z 

dimension. Its density is 2.2 g/cm3 and contains 0.6% hydrogen, 0.5% nitrogen, and 0.8% 

oxygen. 

The Epon 862 resin (diglycidyl ether of bisphenol F) with EPIKURE™ curing agent W 

(diethyl toluene diamine) was purchased from Momentive Specialty Chemicals, Inc., Gahanna, 

Ohio. This resin matrix system was designed for the VARTM process and offers high physical 

properties, chemical resistance, and good adhesion. It has a viscosity of 2100–2300 cP at 25⁰C, 

20–22 hrs of pot life at 25⁰C, 6–8% of tensile elongation, a Tg of 150–160⁰C, and a 390–410 ksi 

tensile modulus as provided by the vendor. The Epon 862 resin and EPIKURE™ curing agent W 

mix ratio was recommended to be 100 to 27 by weight. 

Aerospace plain-woven carbon fiber and glass fiber plies were used as fiber 

reinforcements. The carbon fiber was HexForce™ 282 carbon fabric, with a thickness of 0.26 

mm and density of 197 g/m
2
. The glass fiber was HexForce™ 7781 fiberglass fabric, with a 

thickness of 0.22 mm and density of 299 g/m2. 
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3.2.2 Functionalization of Graphene 

Nitric acid, used as an oxidizing agent, has been commonly applied in the chemical 

modification of carbon structures [98]. It is highly reactive with graphite, carbon nanotubes, and 

graphene, which contain aromatic carbon structures [10, 29].  The schematic of the process of 

adding oxide functional groups on the surface of graphene is depicted in Figure 3.4. This does 

not chemically react with epoxy resin, but it does provide the most polar intermolecular force 

between the resin matrix and the fibers. 

 

Figure 3.4.  Schematic of oxidizing graphene 

 

3.2.3 Manufacturing Graphene Nanocomposites 

In order to systematically study thermal conductivity, Young’s modulus, maximum 

compressive load, and flexural chord modulus properties, nine panels of woven carbon fiber and 

nine panels of fiberglass were prepared by using wet layup (Figure 3.5) and the VARTM process 

(previously shown in Figures 3.2 and 3.3). Two panels without injected graphene served as 

reference panels for both the carbon fiber and fiberglass composites. Both panels were compared 

to eight carbon fiber panels and fiberglass panels that contained 0.5%, 1%, 2%, and 4% of both 

pristine graphene and carboxylic acid-functionalized graphene. Both kinds of composite panels 

consisted of eight plies of carbon fiber and fiberglass. 
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Figure 3.5.  Wet layup and VARTM preparation:  (a) impregnated resin poured onto fiber 

reinforcement, (b) resin coated through fiber fabric, (c) process repeated on another seven plies 

of fabric to achieve desired thickness, and (d) VARTM processed after wet layup fibers 

following final bagging of fabric. 

 

Before resin was injected into the VARTM system, a specific weight percentage of 

graphene oxide was mixed with the resin without adding the curing agent. First, after mixing the 

graphene and resin with a magnetic bar for 24 hours in a beaker, they were agitated using probe 

sonication for twenty minutes. Then, the curing agent was added, stirring by hand. 

Each ply of fiber reinforcement was coated with a designated resin matrix by brush, and 

eight of those plies were stacked on top of each other. Then the regular VARTM fabrication 

procedure followed, in order to impregnate some extra-designated resin to minimize voids, 

which is the drawback of the wet layup fabrication method. By using the wet layup method, the 

filtration effect of the VARTM process was minimized when more than 1 wt% of graphene was 

injected in the resin matrix [99]. The panels were then cured at room temperature for thirty hours. 



35 

3.2.4 Thermal Conductivity Measurements 

A comparative method was used to measure thermal conductivity of two kinds of 

graphene-based nanocomposites. The eight samples are shown in Table 3.1, and the 

experimental setup is shown in Figure 3.6. This was a vertical axial thermal conductivity 

measurement. The heating power from Elenco Precision Quad Power Four Linear Regulated 

Supplies was set at the top of the measurement setup, and ice water was purposefully placed at 

the bottom of the setup to maximize the heat flow. The reference material used as a control 

sample was copper which was placed between points 1, 2, 3, and 4, and the thickness of the 

copper sample was 5 mm.  

TABLE 3.1 

 

SAMPLES FOR THERMAL CONDUCTIVITY AND MECHANICAL TESTS 

 

Pristine Graphene 

(wt%) 

Functionalized Graphene 

(wt%) 

0  0  

0.5  0.5  

1  1  

2  2  

4  4  
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Figure 3.6.  Schematic of thermal conductivity measurement setup using comparative method. 

 

 The graphene samples were placed between points 2 and 3. A constant force was placed 

on top of the setup to ensure good contact. Four K-type thermocouples (0.7% error) were 

attached at points 1, 2, 3, and 4 to measure voltage. Voltage measurements were taken after 

steady-state heat flow occurred. The thermal conductivity of copper (K������) is 401 W m� K	�  at 

room temperature. 

Voltage differences were measured by a digital multimeter, and the equation to convert 

voltage to Celsius is shown in equation (3.2). This conversion was determined by Khan [23]. The 

calculations of heat flux between points 1 and 2 and between points 2 and 3 are shown in 

equations (3.3) and (3.4), respectively. 
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 1 × 10=�v = 5.46	℃ (3.2) 

 q<=P = K������A ��s�{�ls�{ (3.3) 

 q�=t = K������A ��w� �lw�  (3.4) 

where q<=P and  q�=t are the heat fluxes between points 1 and 2 and between points 3 and 4, 

ΔT<=P and ΔT�=t are the temperature differences between the referring points, “A” is the area of 

the end view of copper, and Δx<=P and Δx�=t are the distances between referring points, both of 

which are equal to 5 mm. Finally, K} is shown in equation (3.5): 

 K£ = ¤s�{;¤w� P ∗ ¦R�3§¨5££���{�w∗©	 (3.5) 

3.2.5 Electrical Conductivity 

Bashir et al. [100] introduced two kinds of electrical conductivity measurements: two-

point and four-point. The four-point conductivity measuring method yields more error that the 

contact resistance of a probe on calculation. In this paper, the four-point conductivity method 

was used to characterize all samples mentioned previously in Table 3.1. 

As Figure 3.7 shows, a sample was connected with a DC power supply to generate a 

constant current (ª). A voltage meter measured the potential electrical drops («) on the sample 

with distance (¬	(cm). Thus, electrical conductivity () can be calculated from equation (3.6): 

 σ = �® �̄ (3.6) 

where � is the area of the sample cross-section, and  is S/cm. 
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Figure 3.7.  Schematic of four-point electrical conductivity measurement. 

 

3.2.6 Mechanical Tests 

The tensile modulus, flexural chord modulus of elasticity, and maximum load of 

compression tests were conducted by a mechanical test system (MTS) at Wichita State 

University (Wichita, KS, USA). The tensile modulus test was performed using ASTM D3039M.   

Tensile stress was calculated at each testing data point using equation (3.7): 

 σ~ = P~ A⁄   (3.7) 

where σ~ is the tensile stress at a data point in psi, P~ is the force at a data point in lbf, and A is the 

average cross-sectional area. An extensometer recorded the material’s extension in the testing, so 

the tensile strain was calculated using equation (3.8): 

 ε~ = δ~ L�⁄  (3.8) 

where µ� is the tensile strain at a data point, ¶� is the extensometer displacement at a data point in 

inches, and  ¬� is the extensometer gage length in inches. Therefore, according to the stress-to-

strain relationship, the tensile modulus was calculated using equation (3.9):  

 E = ∆¸ ∆¹⁄   (3.9) 
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where º is the tensile modulus of elasticity in psi, ∆» is the tensile stress difference in a certain 

region in psi, and ∆¼ is the difference between two strain points with nominally 0.002. 

A compression strength test was conducted using ASTM D664 and equation (3.10): 

 F = �k!¾  (3.10) 

where ¿ is the compressive strength in psi, d$  is the maximum load to failure in lbf, À is the 

width of the specimen in inches, and Á is the thickness of the specimen in inches. 

The test for flexural properties of the specimens was conducted by procedure A in ASTM 

D7264.  This is the ratio of stress to its relative strain at any point on the stress-strain curve. As 

Figure 3.8 shows, the flexural modulus Ef is shown as equation (3.11): 

 º$ = ZÂwtÃÄRw = �ÂwtÄRw  (3.11) 

where Ef is the flexural modulus of elasticity in MPa, P is the applied force (N), L is the support 

span (mm), b is the width of beam (mm), h is the thickness of beam (mm), d is the mid-span 

deflection (mm), and m is the slope of the secant of the force-deflection curve. 

      

(a)                                                                           (b) 

 

Figure 3.8.  Flexural testing: (a) schematic of three-point bending test setup, and 

(b) laboratory setup with flexural meter. 
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3.3 Results and Discussion 

3.3.1 Morphology of Fracture Surface 

In order to determine the morphology of fracture surfaces and graphene dispersion in the 

fiber-reinforced nanocomposites, a number of scanning electron microscope (SEM) images of 

fracture surfaces of 0 wt%, 4 wt% of pristine-graphene-based fiber-reinforced nanocomposites, 

and 4 wt% of graphene-oxide-based fiber-reinforced nanocomposites are shown in Figure 3.9, 

Figure 3.10, and Figure 3.11, respectively. 

 
 

Figure 3.9.  SEM image of fracture surface with 0 wt% graphene-based carbon nanocomposites. 

 

 
 

Figure 3.10.  SEM image of fracture surface with 4 wt% pristine-graphene-based 

carbon nanocomposites. 
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Figure 3.11.  SEM image of fracture surface with 4 wt% graphene-oxide-based carbon 

nanocomposites. 

 

These images clearly show that more graphene and resin adhere to fibers with 4 wt% 

graphene-oxide-based nanocomposites compared to 0 wt% graphene-based nanocomposites. 

With 0 wt% graphene loading into carbon-fiber composites, the interaction between resin and 

carbon fibers appears weaker, where lower mechanical and thermal conductivity values were 

obtained. With 4 wt% pristine-graphene inclusions in the resin matrix system, the interactions 

seemed stronger compared to the previous sample (0 wt% inclusions). However, with 4 wt% 

graphene-oxide inclusions, more resin and carbon fibers were attached at the fracture surface, 

indicating a high physical interaction between the fibers and the resin in these nanocomposites. 

Overall, graphene with carboxylic acid functional groups provides a stronger intermolecular 

force (bridge effect) between fiber reinforcements and epoxy resin; cohesive bonding in the 

system provides a more efficient load transfer from epoxy resin to fiber reinforcements. 

3.3.2 Attenuated Total Reflectance Analysis 

 The chemical structure of Epon 862 is shown in Figure 3.12.  The attenuated total 

reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) spectra of solid pristine 
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graphene, functionalized graphene oxide, Epon 862 epoxy resin, and Epon 862 epoxy + 

functionalized graphene oxide is shown in Figure 3.13Error! Reference source not found..  

 
Figure 3.12.  Chemical structure of Epon 862. 

 

 

Figure 3.13.  ATR-FTIR spectra of solid pristine graphene, functionalized graphene oxide, 

Epon 862 epoxy resin, and Epon 862 epoxy + functionalized graphene oxide.  

 

The major bands of this spectra show the following: 

• Transmission at 2325 cm
−1

, indicating the presence of –OH functional groups.  

• Transmission at 875 cm
−1

 and 1660 cm
−1

 caused by –C=O- bonds stretching and –C-O- 

bond vibrating, indicating evidence of the presence of carboxyl functional groups.  

 This analysis showed that carboxyl functional groups were present on the functionalized 

graphene IR spectra but not on the pristine-graphene spectra, due to the contribution of 

functionalization, which was shown previously in Figure 3.4. 
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3.3.3 Thermal Conductivity 

In order to obtain the maximum heat flow in the axial direction, the composite samples 

were placed between the two copper rods, where the bottom copper rod was cooled by using ice 

and the upper rod was heated by a DC power supply. The applied current was limited to 300 mA. 

The same temperature was maintained throughout the experiment. The lateral surfaces of the 

copper rods were insulated to eliminate convectional heat loss. The thermal conductivity of the 

copper rod at room temperature was 401W/mK. A thermocouple was attached to the copper rods 

and a composite sample.  

A significant increase in the thermal properties of the polymers by the addition of 

graphene nano-inclusions was predicted, since these nano-inclusions have high thermal 

conductivity values (up to 5000 W/mK) compared to other materials. The thermal conductivity 

of both pristine-graphene nanocomposites and graphene-oxide nanocomposites were measured 

experimentally using the same method, which Figure 3.6 shows schematically. Figure 3.14 

shows the effects of graphene-oxide nano-inclusions on the thermal conductivity values of glass- 

and carbon-fiber-reinforced composites.  

The pristine-graphene nano-inclusions in both glass- and carbon-fiber nanocomposites 

had thermal conductivity values of 0.18 and 0.28 W/m-0C, respectively. Both of these values 

increased to 0.23 and 0.31 W/m-0C with 0.5 wt% of pristine graphene. After a 2 wt% pristine-

graphene addition into the composites, the thermal conductivity improvement was considerably 

low, which may be attributed to the aggregation of the nanoscale inclusions at higher 

concentrations. Finally, the thermal conductivity values reached 0.33 and 0.41 W/m-0C with 4 

wt% of pristine graphene, respectively. However, as Chih-Chun et al. [101] has stated, it is 

essential to minimize the thermal interface resistance inside the polymer composites by 
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functionalizing the graphene. Therefore, graphene oxide was expected to improve the phonon 

transfer rate between the two different phases and construct stronger interface bonds over the 

pristine graphene. Thus, an additional 4–5% improvement in thermal conductivity was achieved 

after the graphene oxide was impregnated. This finding was due to the strong intermolecular 

forces that allowed for a more efficient heat flux. This may be critically important, for example, 

in the heat distribution on composite wind turbines during their servicing life.  
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Figure 3.14.  Comparison of thermal conductivity of pristine-graphene nanocomposites  

and graphene-oxide nanocomposites. 

 

Martin-Gallego et al. [102] researched the anomalous behavior of functionalized 

graphene and pristine graphene with respect to the improvement of thermal conductivity. Their 

results show that the hydroxyl and carbonyl functional groups, which attached to the edges of the 

CNTs and graphene, are the scattering points from which phonons may travel into a polymer 

system instead of scattering from the crystalline structure of CNTs and graphene when they are 

in an uncured resin phase. Furthermore, Gojny et al. [103] and Moisala et al. [104] reached 
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similar conclusions on the thermal conductivity of CNTs in the cured-resin phase. Therefore, 

functional groups at the edges of the graphene offered stronger molecular bonding, which 

enhanced the heat transfer while scattering the heat away from the main path where the heat 

should have been transferred. Therefore, the thermal conductivity of graphene-based 

nanocomposites depends on the one that contributes more effects than other factors. This can be 

predicted by thermal conductivity models as well. 

3.3.4 Electrical Conductivity 

To characterize the electrical conductivity, samples were machined to 120 mm by 15 mm 

with a constant ambient temperature of 25
0
C. The conductivity was determined as a function of 

the percentage of pristine graphene and functionalized graphene impregnated into carbon fiber 

nanocomposites.  

Figure 3.15 shows the graphic electrical conductivity results of pristine and 

functionalized graphene. Pure Epon 862 with carbon woven fiber has a conductivity of 0.00096 

S/cm. As soon as graphene powder was impregnated into the polymer-fiber-reinforced 

nanocomposites, the conductivity increased in accordance to the percentage and crystalline 

structure of the graphene involved. Functionalized-graphene nanocomposites showed a lower 

electrical conductivity than pristine-graphene nanocomposites due to the scattering points at the 

functional groups, even though functional groups contribute to stronger intermolecular bonding. 

Mikhailov [105] mentioned that functional groups, such as oxygen, change the aromatic structure 

of graphene, which damages the electrical conductivity by changing the traveling path.  
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Figure 3.15.  Comparison of electrical conductivity of pristine-graphene nanocomposites and 

graphene-oxide nanocomposites. 

 

3.3.5 Mechanical Properties 

 

Stress-strain curves for glass fiber, stress-strain curves for carbon fiber, tensile Young’s 

modulus, compressive properties, and flexural properties of the nanocomposites are shown in 

Figure 3.16, Figure 3.17, Figure 3.18, Figure 3.19, and Figure 3.20, respectively. The tensile test, 

compressive test, and flexural test were performed according to ASTM 3039, ASTM D 6641/D 

6641 M, and ASTM D 7264, respectively. All of these mechanical tests showed a constant 

improvement with the higher percent of graphene oxide as a nano-inclusion to help the external 

load transfer to the fibers. Figure 3.16 and Figure 2.17 are the stress-strain curves for glass-fiber 

and carbon-fiber nanocomposites, respectively. Graphene-oxide nanocomposites showed a 

constant improvement in strength, greater than that of pristine-graphene nanocomposites. 
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Figure 3.16.  Stress-strain curves of graphene/epoxy glass-fiber nanocomposites. 
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Figure 3.17.  Stress-strain curves of graphene/epoxy carbon-fiber nanocomposites. 

 

Figure 3.18 shows the effects that the graphene-oxide nano-inclusions had on the elastic 

modulus of the glass-fiber- and carbon-fiber-reinforced composites. The elastic modulus values 

of the glass-fiber and carbon-fiber composite panels were 21.0 GPa and 42.0 GPa at 0 wt% 
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graphene, respectively; however, at 4 wt% graphene loading, those values were increased to 22.5 

GPa and 45.0 GPa, respectively. The oxidation group further improved the elastic moduli of 

composites by about 10%. Thus, the overall improvement in the elastic moduli of both glass- and 

carbon-fiber composites is closer to 20%.  
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Figure 3.18.  Tensile Young’s modulus results of pristine-graphene nanocomposites and 

graphene-oxide nanocomposites. 

 

The second mechanical tests were conducted on the same composite materials to 

determine the compressive stress values of the specimens. Figure 3.19 shows the effects of 

graphene-oxide nano-inclusions on the compressive stress of glass-fiber-reinforced and carbon-

fiber-reinforced composites. In the absence of graphene inclusions, the compressive stresses of 

the glass- and carbon-fiber composites were 106 MPa and 240 MPa, respectively. With 4 wt% 

oxidized graphene inclusions, these compressive stresses of the composites increased to 196 

MPa and 312 MPa, corresponding to 41% and 22% improvement in these composites, 

respectively. 
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Figure 3.19.  Maximum compressive load results of pristine-graphene nanocomposites 

and graphene-oxide nanocomposites. 

 

 

In the last mechanical tests, the flexural chord modulus values of glass- and carbon-fiber-

reinforced composites were determined. Figure 3.20 shows the effects of graphene-oxide nano-

inclusions on the flexural modulus of glass- and carbon-fiber-reinforced composites. As shown, a 

significant improvement (approximately 29%) in the flexural chord modulus was obtained for 

both glass-fiber and carbon-fiber composites in the presence of 4% graphene-oxide nano-

inclusions.  These mechanical test results clearly confirm that the oxidized-graphene nano-flakes 

make a significant improvement on the mechanical properties of the fiber-reinforced composites, 

which in turn may increase the lifetime of composite wind turbine blades, for example. 



50 

-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

10

20

30

40

50

F
le

x
u

ra
l 
C

h
o
rd

 M
o
d
u

lu
s
 o

f 
E

la
s
ti
c
it
y
 (

M
P

a
)

Percentage of graphene inclusion (wt %)

 Pristine graphene in carbon fiber composites

 Graphene Oxide of carbon fiber composites

 Pristine graphene in glass fiber composites

 Graphene Oxide of glass fiber composites

 

Figure 3.20.  Flexural chord modulus results of pristine-graphene nanocomposites 

and graphene-oxide nanocomposites. 
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CHAPTER 4 

CHARACTERIZATION OF GRAPHENE-OXIDE PAPER 

 

 

4.1 Introduction 

Graphene-oxide paper is created by oxidized graphene powders and has a thickness of a 

few hundred of nanometers to several micrometers. It can be fabricated using several methods. 

Mechanical exfoliation, also known as the Scotch tape method, is suitable for small-scale GO 

paper samples. Chemical vapor deposition offers another method to generate larger amounts of 

GO paper when large amount of acids are required. GO paper potentially could be used on solar 

cells as a substantial material of indium tin oxide since ITO is a non-bendable and fragile 

material. Therefore, GO paper could be a pioneering material for overcoming the actual 

application limitations due to nanotechnology’s pricey reputation.  

4.2 Material Preparation 

The pristine graphene used in this research, N008-100-N, was purchased from Angstron 

Materials, Inc., Dayton, Ohio. The physical dimensions of this fine grayish-black carbon in 

powder form average less than 5.00 µm in the x and y dimensions, and 50–100 µm in the Z 

dimension, as shown in Figure 4.1 (a). Pristine graphene contains 0.6% hydrogen, 0.5% nitrogen, 

and 0.8% oxygen. In the manufacturing process of graphene-oxide thin films, Figure 4.1 (b) 

shows that nitric acid, commonly applied in the chemical modification of carbon structures, is 

used as the oxidizing agent [98]. Nitric acid and sulfuric acid, shown in Figure 4.1 (c), were 

mixed in a (3:1) volume ratio to the reflux pristine graphene at a high temperature for four hours, 

as shown in Figure 4.1 (d) and Figure 4.1 (e). This was followed by the neutralization of the 

acidic mixture, because it must be a neutral-pH solution, Figure 4.1 (f). According to Park, et al. 

[106], 4 g of GO were mixed and stirred with 500 mL DI water for one day, followed by using 
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the sonication probe for two hours before adding 5 mL of KOH for stirring for another two hours. 

Hydrazine in the amount of 0.5 g was added and stirred for six hours at 35⁰C before drying the 

graphene film on filter paper, as shown in Figures 4.1 (g) and 4.1 (h). For manufacturing a larger 

scale of graphene-oxide paper, Lin and Liang [76] used an aluminum cylinder fixture to obtain 

CNT buckypaper. However, this procedure costs more than using a plastic filter funnel, which is 

shown in Figure 4.1 (i). One layer of filter paper was pre-wetted, which helped to prevent 

wrinkles, before being sealed on the top of the funnel. A bottle of neutralized GO solution was 

poured into the funnel, which was connected to the vacuum system. Then, GO powders were 

evenly distributed on the filter paper and cross-linked bonded with each other, as shown in 

Figure 4.1 (m). The graphene must be compressed by using an aluminum cylinder roller to peel it 

away from the filter paper, which can be seen in Figure 4.1 (o). 

 
(a) 

 
(b) 

 
(c) 
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(d) 

 
(e) 

 
(f) 

 
(g) 

 
(h) 

 
(i) 

 
(j) 

 
(k)  

(l) 
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(m) 

 
(n) 

 
(o) 

Figure 4.1.  Manufacturing process of graphene-oxide thin film. 

 

4.3 Results and Discussion 

4.3.1 Physical Properties 

Figure 4.2 shows the GO thin film used for testing, with a thickness range of 0.027 to 

0.016 inches, excellent flexibility in bending and twisting, and thinness. 

 
(a) 

 
(b) 
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(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 4.2. GO thin film:  (a) dimensions of 9 by 6 inches, (b–d) excellent flexibility,  

(e–f) thinness. 

 

It is essential to characterize the elastic property of graphene-oxide thin film. Atomic 

force microscopy (AFM) imaging in contact mode was developed by Suk et al. [107] to 

characterize single, double, and triple overlapped layers of GO platelets. The compressive 

properties were characterized by using the AFM tip to scan over the surface of the thin film 

using a constant force and scanning speed; the displacements of the deflection were recorded for 

calculation. However, this procedure is not suitable for testing bulk-scale graphene-oxide thin 

film; therefore, the test equipment shown in Appendix C was used in this experiment. The GO 

thin film used for testing was trimmed into 15 mm wide and 100 mm long ribbons and clamped 

with a rotary motion sensor and a force sensor, as shown in Figure B.1.  The modulus of the 



56 

cross-sectional area of the sample was calculated by Data Studio. The ultimate breaking point of 

the GO thin film occurred at 12.742 MPa, as shown in the stress-strain curve in Figure 4.3 
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Figure 4.3.  Stress-strain curve of GO thin film. 

 

 Figure 4.4 shows the microscope and computer equipment used in this study.  Figure 4.5 

shows a microscopic image of the GO thin film test coupon at 5X magnification, which was 

taken by the equipment shown in Figure 4.4. Figure 4.6 is an image of the failure section of that 

coupon after elastic tensile testing. Figures 4.7 to 4.10 are images showing micro cracks near the 

failure area, thus proving the brittle property of the material.  
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Figure 4.4.  Microscopic and computer equipment used in this study. 

 

 

 
 

Figure 4.5.  Microscopic image of GO  

thin film at 5X magnification. 

 
 

Figure 4.6.  Microscopic image of failure  

section of GO thin film at 5X magnification. 

 



58 

 
 

Figure 4.7  Microscopic image of failure  

section at 50X magnification. 

 

 

 
 

Figure 4.8  Microscopic image of failure  

section at 50X magnification. 

 

 

 
 

Figure 4.9.  Microscopic image of failure  

section at 50X magnification. 

 
 

Figure 4.10.  Microscopic image of failure  

section at 50X magnification. 

 

4.3.2 SEM Analysis of Uncompressed and Compressed GO Thin Films 

The SEM images of both compressed and uncompressed GO thin films are shown in 

Figures 4.11 to 4.19, which indicate clear evidence of strong bonding between the graphene 

flakes. Figure 4..11 shows the relatively smooth surface of uncompressed GO thin film at 50X 

magnification; however, as the magnification of SEM images increases to 100X, 400X, and 

800X, more gaps can be seen between the graphene flakes  (Figures 4.12 to 4.14). 
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Figure 4.11.  SEM of GO thin film 

(compressed) at 50X high-resolution  

magnification  

 

 
 

Figure 4.12.  SEM of GO thin film 

(compressed) at 100X high-resolution  

magnification  

 

 
 

Figure 4.13.  SEM of GO thin film 

(compressed) at 400X high-resolution  

magnification  

 

 
 

Figure 4.14.  SEM of GO thin film  

(compressed) at 800X high-resolution  

magnification  

 

However, after the GO thin film was compressed by an aluminum roller, as shown in 

Figure 4.15, its surface was smoother than the one shown in Figure 4.11. Figure 4.16, an image 

of a closer magnification, shows the same. As magnification increases further, the gaps shown 

previously in Figures 4.13 and 4.14 are filled with nearby graphene flakes (Figures 4.17 to 4.19). 

Therefore, compressed GO thin film has stronger cross-linked bonding and can be more easily 

peeled off the filter paper in one solid piece which it helps on bulk-scale manufacture. 
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Figure 4.15.  SEM of GO thin film (loosened) 

at 50X high-resolution magnification. 

 
 

Figure 4.16.  SEM of GO thin film (loosened) 

at 100X high-resolution magnification. 

 
 

Figure 4.17.  SEM of GO thin 

film (loosened) at 240X high-

resolution magnification. 

 
 

Figure 4.18.  SEM of GO thin 

film (loosened) at 1000X high-

resolution magnification. 

 
 

Figure 4.19.  SEM of GO thin 

film (loosened) at 4000X high-

resolution magnification. 

4.3.3 UV Exposure and Water Contact Angle Test 

GO thin films were also placed into ultraviolet (UV) and environmental chambers to 

conduct weathering simulation (Figure 4.20). Moisture is one of the most critical factors 

affecting the failure of composite materials. The resin system absorbs water in air, which 

weakens the structure, while moisture acts as a solvent for ionizable contaminants, which then 

precipitate failure. If the composite material is subject to mechanical stress and the effect of 

moisture, then it could suddenly fail. However, the moisture effect could occur during an early 

stage of manufacturing; if the appropriate pressure and temperature is applied, then the 

percentage of voids could be reduced in the lamina structure. Using a protective coating material 

on top of the composite material is a conventional method to overcome this weathering effect. 
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The coating material blocks or absorbs the UV energy to prevent the composite material from 

experiencing weathering effects. 

 
(a) 

 
(b) 

 

Figure 4.20.  UV chamber:  (a) chamber itself, and (b) UV light bulbs in chamber. 

 

Figure 4.21 shows the optical contact angle meter (goniometer) used in the water contact 

angle tests, and Figure 4.22 shows the results of the water contact angle tests on GO thin film 

after UV exposure. As shown, the surface energy from the weathering effect did not significantly 

change during 20 days of UV exposure with five-day intervals, compared to the work of 

Asmatulu et al. [108] and Khan and Asmatulu [109], whose CNT- and graphene-based aerospace 

coatings were still vulnerable to weathering effects, even though they had low weight 

percentages of nano-inclusions. GO thin film is a pure carbon material that can block UV 

penetration to the substrate underneath. 

 
Figure 4.21.  Optical contact angle meter (goniometer). 
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Figure 4.22.  Water contact angle tests on GO thin film after UV exposure. 
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CHAPTER 5 

 

GRAPHENE-OXIDE PAPER AND ITO SURFACE COATING FOR LIGHTNING 

STRIKE PROTECTION 

 

 

5.1 Introduction 

Disregarding the direct effect of a lightning strike on an airplane fuselage, the indirect 

effect, or electromagnetic interference (EMI), causes severe safety concerns for the advanced 

electrical equipment setup in an airplane [19, 20, 110]. The magnetic fields can be calculated by  

 H = �PÆ�  (5.1) 

where H is the field strength (A/m), I is the lightning current (A), and r is the distance between 

the fuselage and the lightning channel [111]. Finding an efficient way to eliminate or shield the 

electromagnetic radiation is a critical factor in designing aircraft. EMI shielding is concerned 

with reflection, absorption, and multiple reflections of electromagnetic radiation to prevent it 

from penetrating through the fuselage by means of protective materials [19, 112]. Of the three 

types of EMI shielding, reflection is the primary type (Figure 5.1). The shielding material needs 

to have electrons and holes present, in order to act as mobile carriers to interact with the 

electromagnetic field. Consequently, shielding materials become electrically conductive. 

 Furthermore, electric and magnetic dipoles are the essential absorption properties of 

shielding materials because they can interact with the electromagnetic fields when EMI occurs. 

Shielding materials have high values for the dielectric constant and provide more electric and 

magnetic dipoles [113-118]. In Schelkunoff ’s research, shielding effectiveness of material 

equals A + R + B, where A is the absorption loss, R is the reflection loss, and B is the multiple 

reflection correction term [119]. The absorption loss (A) equals		σ� ∗ μ� , and the reflection loss 

(R) equals 		σ�/μ�, where 	σ� is the electrical conductivity with respect to copper, and 	μ� is the 
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magnetic permeability also with respect to copper [112]. Therefore, highly conductive materials 

improve radiation reflection, and highly magnetically permeable materials improve absorption. 

As radiation frequency increases, reflection loss decreases and absorption loss increases.  

 
Figure 5.1.  Schematic of electromagnetic shielding mechanism [119]. 

 

 Combining reflection and absorption, or multiple reflection, is another mechanism of 

EMI shielding. This requires both a large surface area and shielding interface area. Fiber-

reinforced polymeric nanocomposites are a typical example of shielding with a large interface 

area, and they form porous materials having a shielding property with a large surface area [112]. 

Therefore, EMI shielding effectiveness includes the total loss, in decibels (dB), from absorption, 

reflection, and multiple reflections. The SE is affected by the thickness of the shielding skin. 

EMI only interacts with the upper-surface region, if it is of a high frequency; therefore, the skin 

depth (δ) where the electric field drops to 1/e of the incident value is given as 

 ¶ = �Ç ∗ 1 ∗ È ∗ 	=</P = �4ÇP ∗ 10=É1 ∗ ÈÊ ∗ 	=</P (5.2) 
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where f is frequency, μ is magnetic permeability, μ� is relative magnetic permeability (Hm
-1

), 

and σ is electrical conductivity (Ω-1 m-1). Therefore, a conductive filler with a higher aspect ratio 

offers better EMI shielding effectivess than conductive filler with a lower aspect ratio. 

5.2 Experimental Panels and Setup 

5.2.1 Direct Effect 

Lightning strike panels were made using MTM® 45-1 vacuum-processable prepreg 

material, with high service temperature and flexible cure, from Advanced Composites Group. 

This epoxy resin prepreg can be cured either in or out of an autoclave. 

First, an aluminum plate was prepared with a smooth surface and coated with a sealing 

agent to cover all microcavities and the release agent. Then, 16 by 16 inch GO thin films or ITO 

powders were placed on the surface of the aluminum panel before laying up the prepreg 

materials. The MTM® 45-1 prepregs were cut into dimensions of 20 by 20 inches, eight plies 

were stacked together with customized sequences on top of the GO thin film or ITO powder, and 

then they were cured together. The panel thickness was 0.051 inches, as shown in Figure 5.2. 

               
(a)                                                                                 (b) 

Figure 5.2.  Coatings on top of composite panels:  (a) ITO thin film and (b) GO thin film. 
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According to the Federal Aviation Administration regulations, aircraft should be able to 

sustain any catastrophic damage of the same standard as all vehicle categories from lightning 

strikes [82]. Also, three lightning strike zones have been categorized by the Society of 

Automotive Engineers (SAE) according to various lightning currents and voltages (Figure 5.3) 

[82].  

 
 

Figure 5.3.  Lightning strike zoning diagram [82] 

 

The extremities, such as the nose, wing tips, and horizontal stabilizers, which are the most likely 

to experience an initial lightning strike and return strokes, are considered Zone 1: 

• Zone 1A (first return stroke zone) where the first return stroke has a low probability of 

flash hang-on. 

• Zone 1B (first return stroke zone with long hang on) where the first return stroke has a 

high probability of flash hang-on. 
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• Zone 1C (transition zone for first return stroke) where the first reduced amplitude return 

stroke has a low probability of flash hang-on. 

Parts that are attached to those belonging to Zone 1 are considered Zone 2, which experiences 

the following current sweeps and restrikes, and includes the majority of the structure of the 

aircraft: 

• Zone 2A (swept stroke zone) is where subsequent return stroke has a low probability of 

flash hang-on. 

• Zone 2B (swept stroke zone with long hang-on) is where a subsequent return stroke has a 

high probability of flash hang-on. 

Zone 3 is the area that experiences the least amount of current swept stroke and is located 

between the other two zones [120]. 

Table 5.1 provides the real experimental data of the current waveform of a lightning 

strike simulation. Figure 5.4 represents a simulated lightning strike containing four components, 

A to D, with respect to currents. Component A is the initial current, components B and C are 

where the current is sustained for a longer period of time due to the return stroke and restrikes, 

and component D is the subsequent stroke [82]. Figure 5.5 shows a schematic drawing of the 

lightning strike test setup.  

TABLE 5.1 

 

EXPERIMENTAL CURRENT WAVEFORM FOR FOUR COMPONENTS 

 

Component A Component B Component C Component D 

N/A 3.9 kA 0.424 kA 100 kA 
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Figure 5.4.  Classic simulated lightning current waveforms from SAE regulations [82]. 

 

 
Figure 5.5.  Schematic of 100 kA lightning strike test simulation [83]. 
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5.2.2 Setup of Modified IEEE-299 Testing Method (10 kHz–100 MHz) 

An aluminum wall was installed in the 17 foot by 20 foot by 12 foot reverberation 

chamber to split the room in half, as shown in Figure 5.6 (a). This wall was checked for leaks, 

and any leaks were patched with a copper conductive tape with conductive adhesive. Antennas 

were placed on each side of the room exactly 3.28 feet from each other and directly in front of 

the test fixture. No paddle wheels were utilized during this testing. An 11 inch by 11 inch square 

hole was cut in the separating wall between the transmission (Tx) and reception (Rx) sides of the 

room.  A metal gasket 0.25 inch wide was used as a seal between the test panels and the zinc-

plated steel test fixture. The panels were held in place by 24 pressure clamps (250 lbs./foot each) 

spaced 2 inches apart, along with 0.25-inch aluminum bars to evenly distribute pressure across 

the test panels. Gaskets were installed on the screws that passed through the test fixture, thus 

holding the clamps in place, as shown in Figure 5.6 (b). 

     
           (a)         (b) 

 

Figure 5.6.  Setup of modified IEEE-299 testing method:  (a) schematic drawing, and  

(b) 24 pressure clamps spaced 2 inches apart with 0.25-inch aluminum bars. 
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5.2.3 Setup of Reverberation Chamber Method (100 MHz–18 GHz) 

Panel shielding effectiveness was tested using a reverberation method from 100 MHz to 

18 GHz. This was accomplished using two separate metal chambers (Tx side and Rx side) 

attached only by a 2-foot by 2-foot access panel to allow for complete isolation between the 

chambers. This reverberation method was selected because of its effectiveness in creating 

isotropic, uniform, and randomly polarized fields. The panels under testing were exposed to this 

randomly polarized field, which led to a more robust test than a single plane-wave measurement 

on each panel. 

The test setup was designed to maximize the field exposure of the test panels.  The 

transmission reverberation chamber used was 17 feet by 25 feet by 12 feet and utilized a large 

11-foot-tall paddle wheel, both of which helped create a uniformly distributed field at 

frequencies as low as 100 MHz.  The reception chamber was 15 feet by 8 feet by 12 feet, which 

had previously been used as an amplifier room.  Without a reception-side paddle wheel, there 

was no certainty that the reception-side antenna had been exposed to the peak field passing 

through the test panels.  Therefore, for more accurate measurements of the peak field strength in 

the reception chamber, a paddle wheel was also installed.  This paddle wheel stirred any energy 

that passed through the test panels around the room until that energy was picked up at the Rx 

antenna. The transmission and reception rooms were completely separate from each other, except 

for a 2-foot by 2-foot access panel between them. This room separation minimized the field 

leakage between chambers that would limit the dynamic range. 

A few changes were made compared to the modified IEEE-299 testing method (10 kHz– 

100 MHz), as shown in Figure 5.7. The access panel and test fixtures were made to ensure 

minimal field leakage from the Tx chamber to the Rx chamber. Conductive tape was installed 
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around the sides of the access panel on both sides of the chamber. EMI gasketing was installed 

on the screws that passed through the test fixture holding the clamps in place. Radio frequency 

absorber material was utilized around the edge of each test panel and underneath the aluminum 

bars to attenuate any energy that passed around the test panel and through the gasketing. 

 
 

Figure 5.7.  Schematic of reverberation chamber method (100 MHz–18 GHz) 

 

5.3 Results and Discussion 

5.3.1 Direct Effect 

The lightning strike tests were conducted as shown previously in Figure 5.5. The 

recorded experimental current waveform data is shown in Table 5.2. Current was applied as 

follows:  on component B at 3.9 kA, on component C at 0.424 kA, and on component D at 100 
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kA. The control panel had an area of damage of 2.15E + 01 in
2
 (1.39E+04 mm

2
), and the volume 

of damage was 7.07E + 03 in3 (4.31E-01 mm3). 

TABLE 5.2 

 

DAMAGE AREA AND VOLUME ANALYSIS OF DAMAGED COMPOSITE PANELS 

 

Panel 

Area of 

Damage 

(in
2
) 

Area of 

Damage 

(mm
2
) 

Total Volume 

of Damage  

(in
3
) 

Total Volume 

of Damage 

(mm
3
) 

Control Panel 2.15E + 01 1.39E + 04 7.07E + 03 4.31E – 01 

Pristine Graphene 1.36E + 00 8.77E + 02 3.06E + 02 1.87E – 02 

ITO 1.57E + 01 1.01E + 04 9.20E + 03 5.61E – 01 

Graphene Oxide Paper 2.94E + 01 1.89E + 04 1.25E + 04 7.64E – 01 

 

The 3-D results of the direct effect of a lightning strike are shown in Figures 5.8 to 5.11. 

Pristine graphene in the panel reduced the area of damage and volume of damage by 93.67% and 

98.59%, respectively, with an area of damage of 1.36 in
2
 (8.77E + 02 mm

2
) and a volume of 

damage of 3.06E + 02 in
3
 (1.87E – 02 mm

3
). The ITO panel had area of damage of 1.57E + 01 

in
2
 (1.01E + 04 mm

2
), and the volume of damage was 9.20E + 03 in

3
 (5.61E – 01 mm

3
). The ITO 

coating reduced the area of damage and the volume of damage by 26.98% and –30.13%, 

respectively. ITO results show that the damage area was reduced but that the ITO panel was 

damaged more deeply than the control panel. The graphene-oxide panel had a damage area of 

2.94E + 01 in2 (1.89E + 04 mm2) and a volume of damage of 1.25E + 04 in3 (7.64E – 01 mm3). 

The graphene oxide increased the damage area and the damage volume by 36.74% and 76.8%, 

respectively. From the work of Zhang, et al. [78], it was discovered that graphene offers much 

less electrical conductivity improvement than ITO when they are mixed into a regular aerospace 

paint system. The electrical conductivity of uncompressed GO thin film was 8.32 S/cm. 
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Figure 5.8.  3-D images of area of damage area and volume of damage for control panel. 

  



74 

 

 
 

Figure 5.9. 3-D images of area of damage and volume of damage for pristine graphene. 
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Figure 5.10.  3-D images of area of damage area and volume of damage for graphene-oxide 

thin film  



76 

 

 
 

Figure 5.11  3-D images of area of damage and volume of damage for ITO panel. 
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5.3.2 Modified IEEE-299 Testing Method (10 kHz–100 MHz) 

The method of measuring attenuation between panels was based on the IEEE-299 

standard. Panels were placed between identical types of transmission and reception antennas, and 

a plane-wave measurement was made. Magnetic (H) field measurements were taken at 10 kHz–

25 MHz using two loop antennas (Figure 5.12). 

 
 

Figure 5.12.  Loop antenna for modified IEEE-299 method testing. 

 

Electric (E) field measurements were taken from 25 MHz–100 MHz using two biconical 

antennas (Figures 5.13 and 5.14). Measurements were made in the horizontal and vertical 

polarizations. A set input power of 20 W was used throughout testing.  Measurements were first 

taken without a panel installed in the test fixture. This led to an open-hole plane-wave 

measurement from the transmission room to the reception room. A test panel was then installed 

in the fixture. The same input power of 20 W was applied to the transmission room. The energy 

measured on the reception side with a test panel installed was compared to the open-hole 
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measurement. The difference between the open-hole reference measurement and the test-panel 

measurement was due to the shielding effectiveness of the material. An aluminum panel was 

considered the baseline for comparison with other panel materials. The difference between the 

aluminum-panel measurement and the open-hole reference measurement determined the 

dynamic range that could be expected from the test setup. 

Shielding effectiveness results (Figure 5.15) were again influenced by the size of the 

wavelength of the test frequencies and the size of the test fixture opening.  Below 100 kHz, all of 

the energy transferred from the Tx to the Rx antennas was the same regardless of whether a test 

panel was installed or not, so no SE was measureable.  The jump in data at 25 MHz was due to 

the change in antennas and field type. The 10 kHz to 25 MHz loop antennas generated H-fields, 

whereas the 25 to 100 MHz biconical antennas generated E-fields. Little difference was seen 

from changing the antenna polarizations. 

 
 

Figure 5.13.  Biconical antennas for modified IEEE-299 method testing. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 5.14.  Biconical antenna: (a) horn for 1–8 GHz, (b) log for 0.1–1 GHz,  

(c) open hole with clamps, and (d) Tx or Rx stirrer. 
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Figure 5.15.  EMI shielding effectiveness of carbon-fiber composite with Al, control, ITO,  

and GO thin-film coatings as a function of frequency from 10 kHz to 100 MHz 

  

5.3.3 Reverberation Chamber Method (100 MHz–18 GHz) 

A set input power of 50 W was used throughout testing. Measurements were first taken 

without a panel installed in the test fixture. This led to an open-hole measurement of all energy 

that was transferred from the transmission room to the reception room. A test panel was then 

installed in the fixture. The same input power of 50 W was applied to the transmission room. The 

energy measured on the reception side with a test panel installed was compared to the open-hole 

measurement. The difference between the open-hole reference measurement and the test-panel 

measurement was the shielding effectiveness of the material. The open-hole reference and test-

panel measurements both contained all chamber insertion losses, so when the difference between 

the measurements was calculated, the insertion loss was essentially cancelled out of the final SE 

value. As shown in Figures 16 to 20, an aluminum panel was considered the baseline for 

comparison with other panel materials. The difference between the aluminum panel 

measurements and the open-hole reference measurements determined the dynamic range that 
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could be expected from the test setup. The aluminum panel provided enough shielding 

effectiveness when installed in the test fixture that a pre-amp of 1–18 GHz connected to the Rx 

antenna was necessary. 
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Figure 5.16.  EMI shielding effectiveness of carbon fiber composite with Al, control, ITO,  

and GO thin film coatings as a function of frequency from 10 kHz to 18 GHz. 
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Figure 5.17.  EMI shielding effectiveness of carbon fiber composite with Al, control, ITO,  

and GO thin-film coatings as a function of frequency from 100 MHz to 1 GHz (UHF band). 
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Figure 5.18.  EMI shielding effectiveness of carbon fiber composite with Al, control, ITO,  

and GO thin-film coatings as a function of frequency from 1 GHz to 4 GHz (L/S band). 
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Figure 5.19.  EMI shielding effectiveness of carbon fiber composite with Al, control, ITO,  

and GO thin-film coatings as a function of frequency from 4 GHz to 8 GHz (C band). 
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Figure 5.20.  EMI shielding effectiveness of carbon fiber composite with Al, control, ITO,  

and GO thin-film coatings as a function of frequency from 8 GHz to 18 GHz (X/Ku band) 

 

 One may notice that the data below 200 MHz seemed to show a drop in shielding 

effectiveness.  In actuality, however, this drop was due to less energy being transferred during 

the open-hole measurement because the test frequency wavelength was too large to efficiently 

pass through the 11-inch by 11-inch test-fixture opening.  This drop in energy caused the 

dynamic range of the test setup to be reduced.  The noise floor of the spectrum analyzer was 110 

dBm for frequencies below 1 GHz.  For frequencies above 1 GHz, the noise floor was extended 

down to –130 dBm with the use of the pre-amplifier.  All frequencies used during testing showed 

an acceptable stir ratio (maximum point measured over minimum point measured) of 20 dB, 

which indicates a uniform field distribution throughout testing. 

 As Zhang et al. [121] discussed in the EMI shielding on graphene- 

polymethylmethacrylate (PMMA) microcellular foams, 19 dB of EMI shielding effectiveness 

was obtained with 1.8 vol% of graphene in the microcellular foam. The EMI shielding 

coefficients of reflectivity (R), transmissivity (T), and absorptivity (A) are described as R + T + 
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A = 1. Therefore, from the data of Zhang et al. [121], microwave and energy absorption 

contributes the most if graphene is the nano-inclusion. However, reflection is the major factor of 

EMI shielding when CNFs and CNTs are involved in nanocomposites. The graphene panel is 

thicker than the ITO panel, which demonstrates that thickness is an important factor in 

improving EMI shielding effectiveness.  

 The material with EMI shielding effectiveness of more than 20 dB is sufficient to be 

applied on the practical application; therefore, the graphene panels and ITO panels exhibit 

sufficient EMI shielding effectiveness in ultra-high frequency (UHF) band, L/S band, C band, 

and X/Ku band. In the UHF band, the microwave has the longest wave length and lowest testing 

frequency ranges; therefore, graphene and ITO panels show the least improvement in EMI 

shielding. There was a 20 dB improvement between the graphene panel and the control panel at 

590 MHz. In the range of the L and S band, the graphene panel had about 5 to 15 dB more EMI 

shielding effectiveness than the control panel, and the ITO panel had no significant changes. 

Once the frequency reached 4 GHz, the graphene panel showed up to 30 dB improvement over 

the control panel, and the ITO panel showed up to 8 dB improvement over the control panel. In 

the 8–18 GHz range, the graphene panel constantly showed 5 to 20 dB improvement over the 

control panel, and the ITO panel remained unchanged compared to the control panel.  
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CHAPTER 6 

 

MODELING OF GRAPHENE-OXIDE FIBER-REINFORCED HIERARCHICAL 

POLYMER COMPOSITES 

 

 

6.1 Introduction 

Even though the material properties of composites can be obtained by physically testing 

materials, the experimental characterization of materials is extremely costly when using the 

appropriate testing methods and equipment. Computational modeling analysis provides engineers 

and scientists with a convenient and effective method to determine many different mechanical 

moduli of composites based on theoretical knowledge (Figure 6.1). 

 

 
Figure 6.1.  Schematic showing process of validating material properties [122]. 

 

 

6.2 Methodology 

Several methods can be used to model polymer composites with nanofillers, depending 

on the size of the nanoparticles and the geometry, as shown in Figures 6.2 and 6.3.  

Model
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Simulation
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Figure 6.2.  Categories of modeling methods for nanocomposite materials [122]. 

 

 

 
 

Figure 6.3.  Diagram of modeling techniques for nanocomposite materials [122]. 
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 Computational chemistry techniques are primarily used to model structures at the atomic 

scale, which is the smallest in length and time, using the first-principles theory. In contrast, 

computational mechanics is used to model the largest mechanical properties of material 

structures. Multi-scale modeling techniques combine the advantages of both techniques, with a 

scale in between, to predict problems. With a discrete molecular nanostructure, quantum 

mechanical and nanomechanical modeling are the ideal modeling tools, and micromechanical 

and structural mechanical modeling apply to structures with a continuous material structure [122]. 

The ab initio technique uses the first-principle density functional theory with a large 

number of atoms to predict material properties in nanoscale. This is the most original technique 

for simulating material properties without any assumptions or parameter adjusting, making this 

the most reliable, accurate, and time-consuming method. By using a statistical model to predict 

material behaviors, the Monte Carlo technique can be classified as classical Monte Carlo, 

quantum Monte Carlo, volumetric Monte Carlo, or kinetic Monte Carlo. The thermodynamic 

properties of material can be obtained from the classical Boltzmann distribution. Electrical 

properties can be calculated by quantum Monte Carlo. Geometry properties can be obtained from 

volumetric Monte Carlo. A processing time scale can be simulated by kinetic Monte Carlo. 

 Molecular dynamics is the most extensively used method to model nanomaterials [122]. 

It begins as an analysis of the multiple phases’ interaction at the atomic level and extends to the 

time evolution of atomic interactions by using Newton’s second law: 

 F~ = m~a~ (6.1) 

where ¿� is the force of the i
th

 atom, and Ì� 	and	Í�  are the mass and acceleration of the i
th

 atom, 

respectively. The atomic potential is used to analyze the interaction of atoms, the function of 

which is given by  
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 « = «�Î� , … . . ÎÐ	  (6.2) 

where Î� is the position of the ith atom in N atoms, and V is the potential energy [122]. Smith et al. 

[123] modeled the viscoelastic properties of polymer nanoparticle nanocomposites by using a 

molecular dynamics simulation. These nanocomposites have coarse-grained bead necklace 

polymer chains and nanoparticles with rough spherical surfaces. The volume fraction of the 

nanoparticles, the interaction area of the nanoparticle and polymer chains, and their bonding are 

the parameters of the calculation of the dynamic shear modulus and viscosity of polymer-

reinforced nanocomposites. Desai [124] used the molecular dynamics method combined with the 

Kremer-Grest bead-spring model to study nanoparticle diffusion in polymer resin systems, and 

the results showed that the appropriate boundary conditions are an essential factor for diffusion 

dynamics. Sikdar et al. [125] synthesized several polymer clay nanocomposites involving five 

different kinds of nanoparticles that influence the crystallinity and physical properties. Those 

five kinds of nanoparticles either had the same functional groups at the ends but differed in the 

lengths of the backbone chain, or vice versa. The molecular dynamics model was chosen to 

simulate the interaction energies between nanoparticles and polymer chains, and the results 

showed that the interaction of the multiple phases and the length of the backbone chains can be 

modified to tailor the physical properties of polymer nanocomposites. Liu et al. [126] adopted a 

coarse-grained molecular dynamics method to understand the mechanism of dispersion and the 

aggregation of nanoparticles inside the polymer resin since it is difficult to figure out this 

mechanism through experiments. By simulating low- and high-nanoparticle loadings in polymer, 

it was shown that the ideal uniform dispersion only occurs if the interfacial interaction is 

intermediate and that the aggregated nanoparticles are sensitive to temperature. 
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6.2.1 Halpin-Tsai and Mori-Tanaka Composite Theories 

Based on composite theory, much research has been published regarding the properties of 

nanocomposites [127-131]. Fornes and Paul [127] utilized the composite theories of Halpin-Tsai 

and Mori-Tanaka (Figure 6.4) to predict nylon 6 layered with lithium aluminosilicate (LAS) 

glass-fiber nanocomposites.  

 
 

Figure 6.4.  Calculations of composite stiffness ζ for fiber and disk-like platelet nanoparticles: 

 (a) Halpin-Tsai theory and (b) Mori-Tanaka theory [127]. 
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The Halpin-Tsai equation is a famous composite theory, which is suited for modeling the 

stiffness of unidirectional composites as a function of the aspect ratio. The longitudinal E11 and 

transverse E22 elastic modulus are expressed, respectively, as equations (6.3) and (6.4) [6] 

 
rrÑ = <;Ò�Ók<=�Ók  (6.3) 

 η = ÕkÕÑ=<
ÕkÕÑ;Ò (6.4) 

where E, Ef, and Em are the Young’s moduli of the composite, nanoparticle, and matrix resin 

system, respectively. As shown previously in Figure 6.4, ζ is the parameter that depends on the 

shape of the nanoparticle (geometry and loading direction), and ϕ� is the volume fraction of 

nanoparticles.  

 Therefore, with some modifications, Rafiee et al. [6] calculated carbon nanotube 

reinforced nanocomposites using equations (6.5) to (6.7). 

 E×Ø = Ù�Ú
<;Pq¯ÛÜ iÛÜ� y�Ý®ÛÜ

<=�Ý®Þß + àÚ <;P�á®ÛÜ<=�á®ÛÜ â E���ln (6.5) 

 

 

 η¯ =  ã
äåræç ræèéêëì

í
îï=<

ã
äåræç ræèéêëì

í
îï;Pq¯ÛÜ iÛÜ� y

 (6.6) 

 

 

 ηð = ã
äåræç ræèéêëì

í
îï=<

ã
äåræç ræèéêëì

í
îï;P

 (6.7) 
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where Ec is the Young’s modulus of the nanocomposite, lNT is the length of the nanotubes, dNT is 

the average outer diameter of the nanotubes, Eepoxy is the Young’s modulus of the epoxy matrix, 

Eeq is (2t/rNT), ENT is the equivalent modulus of the nanotubes, and ENT is the Young’s modulus 

of the nanotubes. Furthermore, graphene has a different geometry compared to a CNT, so the 

Halpin-Tsai equations were modified as equations (6.8) to (6.10) [6] 

 E×Ø = Ù�Ú
<;q�Þß;¯Þß ¾� y�Ý®Þß<=�Ý®Þß + àÚ <;P�á®Þß<=�á®Þß â E���ln (6.8) 

 

 η¯ = ñrÞß ræèéêëì ò=<
ñrÞß ræèéêëì ò;(�Þß;¯Þß ¾� ) (6.9) 

 

 óô = ã
äåWõöö,ö÷ø WõùúX^ì

í
îï=<

ã
äåWõöö,ö÷ø WõùúX^ì

í
îï;P

 (6.10) 

where Eeff,fib is the effective fiber modulus and is considered to be 1.01 TPa.  

 The Mori-Tanaka theory has also received much attention since it is modified from 

Eshelby’s inclusion model to analyze the elastic behavior of a matrix impregnated with 

ellipsoidal nanoparticles [122]. Mori and Tanaka [132] published a method to calculate the 

average internal stress in modified resin matrices with nanoparticles. As equations (6.11) and 

(6.12) show, the geometry of nanoparticles is considered independent, and the average stress 

inside a matrix with respect to each domain is uniformly distributed. 

 
rssrÑ = ��;Ók(�s;PxÑ�{) (6.11) 

 

 
W{{W: = P©P©;ûö(=Peü©w;(<=e:)© ;(<;e:)©ý©) (6.12) 
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where #$ is the volume fraction of the nanoparticles, %� is the Poisson’s ratio of the resin matrix, 

A1 is the functionals of the Eshelby’s tensor, A2 is the properties of nanoparticles, A3 is the 

properties of resin matrix, A4 is the Poisson’s ratio of the nanocomposites, A5 is the 

concentration of the nanoparticles, and A is the aspect ratio of the nanoparticles [133]. 

Spencer and Paul [134] predicted the modulus and coefficient of thermal expansion of 

polypropylene nanocomposites using several methods based on composite theories with 

experimental data. The Mori-Tanaka model fits the experimental results the most, even better 

than the Chow model, which undervalues the coefficient of thermal expansion in the 

perpendicular direction. 

Spencer et al. [135] used the Mori-Tanaka model to analyze organoclay tactoids and 

single-platelet nanocomposites with several degrees of exfoliation. This model treats two 

different nanoparticles as two separate domains, and the simulation results show a reasonable 

agreement between the TEM results and the experimental results. 

Yoo et al. [136] acknowledged that numerous papers have been published to model 

nanocomposites based on many kinds of assumptions, such as no change in crystallinity of a 

polymer resin with nanoparticles, perfectly aligned nanoparticles, fully exfoliated nanoparticles, 

isotropic polymer and nanoparticles, and good bonding between polymer chains and 

nanoparticles. However, the real morphology of nanocomposites is more complex than the ideal 

assumptions. The Haipin-Tsai and Mori-Tanaka equations are the most popular models used to 

predict the Young’s modulus of composites; however, they treat differently how nanoparticles 

exist in polymer and their effects. 
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There is a lack of research on the simulation of multi-scale composites, including fiber, 

epoxy, and graphene. The objective of this chapter is to develop a new method for the simulation 

of multi-scale composites and to understand the effect of impregnating graphene in a polymer 

epoxy resin. To achieve this purpose, the Young’s modulus of graphene hierarchical 

nanocomposites was simulated, and the results were studied. Due to the complexity of 

hierarchical nanocomposites, two steps of simulation were applied, as depicted in Figure 6.5. 

 
 

Figure 6.5.  Schematic of two-step simulation of mechanical properties 

of hierarchal composites [137]. 
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 Halpin-Tsai equations and woven fiber micromechanics were utilized. First, Halpin-Tsai 

equations (6.8) to (6.10) were used to obtain the Young’s modulus of graphene-polymer-

reinforced nanocomposites. Then, the properties of graphene-polymer-reinforced 

nanocomposites were employed to calculate the multi-scale nanocomposites using the woven-

fiber micromechanics theory. The micromechanical model MESOTEX was chosen to simulate 

multi-scale nanocomposites because it is a useful model for predicting the elastic properties of 

nanocomposites with a variable laminate geometry associated with classic thin-laminate theory. 

The stiffness matrix A of each strand and resin component is the summation of the 

stiffness matrices of the fill strand, the warp strand, and the resin system. Equation (6.13) 

presents the classical thin laminate theory of fill strand (F), warp strand (W), or polymer matrix 

(M) at each point of (x, y) [65, 66]: 

 
∑=

I

I

ijIij yxQyxVyxA ),(),(),(

     

(i, j = 1 to 6) (6.13) 

where 
I

ijQ
is the transformed stiffness matrix of the “I” element, and “I” refers to either the F, W, 

or M. VI  is the “I” element volume fraction in the slice. 

The 6 by 6 transformed stiffness matrix 
I

ijQ with respect to the global coordinate system 

is evaluated for the “I” element using equation (6.14) [65, 66]: 
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where ,and,,,, 1323321

IIIII
GGEEE are the 3-D elastic properties of the “I” element. R is the Reuter 

matrix as stated in equation (6.15), and T is transformation matrix for the “I” element. For 

example, F is fill strands and W is warp strands in equations (6.16) to (6.18). 
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where cf and sf are the cos(θ�) and sin(θ�), respectively, and cW and sW are the cos(θ�) and 

sin(θ�), respectively. Therefore, the Young’s modulus of hierarchal nanocomposite is 

 º\ = (©ss=þs{{
þ{{{ )

R   (6.18) 

where h is the thickness of the nanocomposite [65, 66]. 

6.2.2 Volume Fraction of Fibers in Woven-Fiber Composites 

The volume fraction of fiber, which is contained in composites, depends on two 

parameters. One is the volume fraction of fiber in the strands (vf/w for warp strands in fiber, and 

vf/f for fill strands in fiber). The other is the strand volume fraction in the composites («3/8 for 

warp strands in composites, and «3/$ for fill strands in composites) [65, 66]. According to  

, the cross-sectional areas of warp and fill strands are shown, respectively, as [65, 66] 

 �8 = P
� ℎ8 �I� q���P� y (6.19) 

 �$ = P
� ℎ$ �I� q��öP� y  (6.20) 

The volume of warp and fill strands in the composites are shown, respectively, as 

 «3/8 = �8¬8 = P
� ℎ8¬8 �I� q���P� y (6.21) 

 «3/$ = �$¬$ = P
� ℎ8¬8 sin q���P� y (6.22) 

where Lw and Lf present the undulation length of the warp and fill strands, respectively [65, 66]. 

Therefore, the overall volume of the division is  
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 « = ÍPℎ (6.23) 

The fiber volume fraction of a plain-weave nanocomposite with fill and warp strands is 

 «$ = «$/£ = tR�Â�
�R�  (6.24) 

where «$/£ is the volume fraction of fiber in the strands, and ℎ£ is the strand thickness. With the 

classical thin-laminate theory, equations (2.3) and (2.4) produce equation (6.25): 
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6.3 Results 

An aerospace plain woven fiber is HexForce
tm

 282 carbon fabric, which has a thickness 

0.26 mm and density of 197 g/m
2
. The geometric parameters of a plain-woven strand are shown 

in Table 6.1 and Figure 6.6.  

TABLE 6. 1 

 

GEOMETRIC PARAMETERS OF HEXFORCE
TM

 282 CARBON FABRIC 

PLAIN-WOVEN STRAND 

 

Width of fill and warp strands aw and af  = 1.6 mm 

Maximum thickness of fill and warp strands hw and hf  = 0.13 mm 

Thickness of unit cell h = 0.26 mm 
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Figure 6.6.  Cross section of plain-woven fiber strand. 

 

The 3-D images of woven fibers simulated in Matlab are shown in Appendix B as 

Figures B.1 to B.3. This simulation was generated based on equations (6.26) to (6.29), which are 

based on the fiber architecture of previously shown Figures 2.9 and 2.10. 

 �$(�) = − RöP 	
� q�\
� y           0 ≤ � ≤ Í (6.26) 

 �$(�) = RöP 	
� q�]
� y                0 ≤ � ≤ Í (6.27) 

 �8(�) = − R�P 	
� q�]
� y         0 ≤ � ≤ Í (6.28) 

 �8(�) = R�P 	
� q�\
� y               0 ≤ � ≤ Í (6.29) 

An Epon 862 epoxy resin system was used as the isotropic matrix for experimental 

testing and the Matlab simulation, and the Young’s modulus and Poisson’s ratio were 2.36 GPa 

and 0.33, respectively [65]. The other mechanical properties of Epon 862 epoxy resin and the 

plain-woven fabric-reinforced composite are shown in Table 6.2. 

TABLE 6.2 

 

MECHANICAL PROPERTIES OF EPON 862 EPOXY RESIN AND PLAIN-WOVEN 

aw and af 

hw and hf 
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FABRIC-REINFORCED COMPOSITE 

 

 

Epon 862 Epoxy Resin 

[65, 137] 

Plain-Woven Fabric-Reinforced 

Composite 

E11 2.72 GPa 95.325 GPa 

E22 2.72 GPa 95.325 GPa 

E33 2.72 GPa 17.9625 GPa 

v12 0.33 0.03975 

v21 0.33 0.03975 

v13 0.33 0.497 

v31 0.33 0.093625 

v23 0.33 0.497 

v32 0.33 0.093625 

G12 0.89 GPa 10.9625 GPa 

G31 0.89 GPa 10.725 GPa 

G23 0.89 GPa 10.7375 GPa 

 

To begin, the Young’s modulus of graphene-polymer-reinforced nanocomposites were 

found using the Halpin-Tsai equations, and the results are shown in Table 6.3 and Figure 6.7 The 

pure Epon 862 epoxy resin and pristine graphene have a tensile modulus of 2.72 GPa and 1.01 

TPa, respectively. Practically speaking, the theoretical results cannot be achieved by experiments 

due to the difficulty of nanoparticle dispersion. With 0.5 wt% (0.37 vol%) of pristine graphene as 

a nano-reinforcement added into the Epon 862 epoxy resin, the tensile modulus increased to 

3.036 GPa, which is a 12% increase. A 1 wt% (0.73 vol%) addition of pristine graphene 

improved the tensile modulus of pure Epon 862 epoxy resin by 23%, reaching 3.345 GPa. 

Furthermore, a 2 wt% (1.45 vol%) and 4 wt% (2.87 vol%) addition of pristine graphene 

improved the tensile moduli of the graphene-polymer-reinforced nanocomposites by reaching a 

tensile modulus of 3.969 GPa and 5.222 GPa, respectively. 

TABLE 6.3 

 

RESULTS OF HALPIN-TSAI MODEL OF GRAPHENE-REINFORCED  

POLYMER NANOCOMPOSITES 

 



100 

wt% of 

Graphene 

W  

(m) 

L  

(m) 

t  

(m) 

VGR 

(vol%) 

EGR 

(GPa) 

Eepoxy 

(GPa) 
ηL ηD 

ENC 

(GPa) 

0.5  5.0E-06 5.0E-06 1.0E-07 0.370  1010 2.72 0.786 0.99 3.036 

1  5.0E-06 5.0E-06 1.0E-07 0.730  1010 2.72 0.786 0.99 3.345 

2  5.0E-06 5.0E-06 1.0E-07 1.450  1010 2.72 0.786 0.99 3.969 

4  5.0E-06 5.0E-06 1.0E-07 2.870  1010 2.72 0.786 0.99 5.222 
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Figure 6.7.  Results of Halpin-Tsai model of graphene-reinforced polymer nanocomposites. 

 

The results shown in Figure 6.8 indicate that the graphene percentage in the epoxy resin 

made a significant improvement in the Young’s modulus of graphene-based fiber-reinforced 

nanocomposites. The modeling data shows a consistently higher improvement than the 

experimental data due to the agglomeration of graphene in the sample preparations. 
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CHAPTER 7 

 

CONCLUSION 

 

 

Due to its well-known physical properties, graphene is one of the best nano-inclusion 

candidates for improving the physical properties of polymer-reinforced nanocomposites and 

fiber-reinforced composites. The graphene-based nanocomposites were successfully fabricated 

by using wet lay-up and VARTM. The thermal conductivity, electrical conductivity, Young’s 

modulus, maximum compressive load, and flexural chord modulus were discussed in this study. 

Generally, graphene-oxide fiber-reinforced nanocomposites have better thermal and mechanical 

properties compared to pristine-graphene fiber-reinforced nanocomposites. This is because of 

their higher intermolecular force and dispersion properties, which helps the heat flux and load to 

transfer more efficiently. Results show that in comparison to pristine graphene, the stronger 

interfacial bonding offered by the carboxylic acid and oxide function groups increased the 

physical properties—4.2% vs. 5%, 3.5% vs. 14.7%, 3% vs. 4.2%, and 4.9% vs. 6.1% increases in 

thermal conductivity, Young’s modulus, compression strength, and flexural chord modulus, 

respectively—for carbon-fiber-reinforced and glass-fiber-reinforced graphene nanocomposites 

with 4 wt% concentration. Based on these results, graphene oxide provides another option to 

modifying the surface of graphene in addition to amine functionalization. However, due to the 

scatter points from oxide functional groups on the edges of graphene flakes, the electrical 

conductivity drops from pristine graphene to functionalized graphene by 45% at 4 wt% of 

graphene inclusion. Therefore, further study of the effects of stronger molecular forces offered 

from functional groups versus the scatter points from functional groups into polymer resin need 

to be undertaken.  
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A filtration method to fabricate GO paper was discussed, and the elastic modulus and 

electrical conductivity of GO paper were characterized. The intermolecular forces hold graphene 

as a paper form, which exhibits excellent flexibility. This has been proven by tensile tests on GO 

paper and SEM images of failure sections. A 12.74 MPa ultimate breaking force in the tensile 

test and a value of 1542 S/cm for electrical conductivity was found. However, if the GO paper 

was not compressed into a condensed thin film form after it was taken out of the filter paper from 

the filtration funnel, then the electrical conductivity was only 8.32 S/cm. The SEM images have 

proven these results. More gaps occur between graphene flakes of the loosened GO thin film 

compare to the compressed GO thin film, which has a compacted structure. The surface energy 

of the GO paper was characterized by a water contact angle measurement. The water contact 

angle data indicated that UV light did not harm or degrade the GO paper. Therefore, it could be 

an excellent surface coating material for multiple protection purposes with reasonable cost. 

By applying pristine-graphene powders, uncompressed graphene-oxide thin film, and 

ITO powders coating as the surface protection materials on composite panels, both effects of 

lightning strike were improved at different levels. Pristine-graphene panels showed the least 

physical damage area overall, and the ITO panel had less damage compared to the control panel. 

The uncompressed GO paper without further processing, which electrical conductivity could 

improve from 8.32 S/cm to 1542 S/cm, worsened the situation. Therefore, improving surface 

conductivity is an essential factor of the direct effects of lightning strike protection. ITO powder 

exhibits the highest electrical conductivity; however, it could not be connected as good as the 

pristine graphene.  

The EMI shielding effectiveness results indicate that graphene and ITO are an effective 

and lightweight EMI shielding material. As frequency increases to 4 GHz, graphene, with its 
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intrinsic crystalline property, offers superior absorption efficiency of radiation over the ITO and 

control panels. From 10 kHz to 100 MHz, there was no improvement exhibited from the panels 

with ITO and graphene on their surfaces. As the frequency increased from 100 MHz to 18 GHz, 

the panel with graphene on top shielded the EMI more efficiently due to the thicker coating.  

 A modeling approach was developed to predict the bulk-scale elastic modulus of 

graphene-based plain-weave fiber-reinforced nanocomposites. Graphene was assumed to be 

randomly and homogeneously distributed in Epon 862 epoxy resin. Halpin-Tsai was first used to 

simulate the tensile modulus of graphene-based resin-reinforced nanocomposites. Once the two-

phase polymer resin was injected into a plain-weave fiber as a three-phase nanocomposite, 

MESOTEX was chosen to simulate the multi-scale nanocomposites, since it is a useful model to 

predict elastic properties of nanocomposites with variable laminate geometry associated with 

classic thin-laminate theory. The experimental results show 2% to 8% of lower values compare 

to modeling data. The results of simulation proved that nanocomposite materials are significantly 

improved with graphene as reinforcement. However, the ideal prediction results, which were 

generated from Matlab, were not reasonably achievable due to the difficulty of breaking the 

agglomeration of graphene in the practical process; this needs to be solved in the future. 
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CHAPTER 8 

 

FUTURE RESEARCH 

 

 

Due to the experimental results and observations, the following research could be 

undertaken in order to better understand the problems involved in improving the physical 

properties of polymer-reinforced and fiber-reinforced nanocomposites: 

• Investigate the scattering effect of functional groups attached on the edge of graphene 

that is impregnated into polymer nanocomposites. 

• Due the weak bonding of GO thin film and the composite surface, drill a pattern of holes 

and cure with the composite to evaluate bonding improvement.  

• Evaluate electrical conductivity on GO thin film with a pattern of holes. 

• Compare compressed GO thin films to metal meshes, as a key solution to lightning strike 

protection on polymer composite surfaces.  

• Investigate the EMI shielding effectiveness on compressed GO thin film.  
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APPENDIX A 

SUMMARY OF VARIOUS NANO-INCLUSIONS TO IMPROVE PHYSICAL 

PROPERTIES OF POLYMER [1] 

 

 

 No. Reference Material 

CNT 

Concentration 
(wt%) 

Neat 

System With CNT 

Improve-

ment 

(%) 

1 
Hammel et al. 

[138] 
Polypropylene 15  

Elastic Modulus   

410 MPa 780 MPa 90 

2 
Xu et al. 

[139]  
Epoxy 0.1  

Elastic Modulus   

4.2 GPa 5 GPa 20 

3 
 Qian et al. 

[140] 
Polystyrene 1  

Elastic Modulus   

1190 MPa 1690 MPa 42 

4 
Allaoui et al. 

[141] 
Epoxy 

1  
Elastic Modulus   

118 MPa 236 MPa 100 

4    465 MPa 294 

  Yield Strength   

1  1 MPa 3 MPa 200 

4    6 MPa 500 

5 
Hasan et al. 

[142] 

Polypropylene 

(Filament) 

0.5  
Elastic Modulus 

154 
1.39 GPa 3.53 GPa 

  Tensile Strength   

0.5  256 MPa 434 MPa 70 

6 
Iwahori et al. 

[143] 
Epoxy 

  Elastic Modulus   

5  2.48 GPa 2.83 GPa 14 

10    3.63 GPa 46 

  Tensile Strength   

5  72.9 MPa 77.7 MPa 7 

10    85.4 MPa 17 

  Flexural Modulus   

5  2.309 GPa 2.648 GPa 15 

10    2.707 GPa 17 

  Flexural Strength   

5  98.7 MPa 101.5 MPa 3 

10    117.7 MPa 19 

  Compressive Modules   

5  111.5 MPa 113.3 MPa 2 

10    120.5 MPa 8 

  
Compressive Yield 

Stress 
  

5  111.5 MPa 113.3 MPa 2 

10    120.5 MPa 8 
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 No. Reference Material 

CNT 

Concentration 
(wt%) 

Neat 

System With CNT 

Improve-

ment 

(%) 

6 

Iwahori et al. 

[143] 

(continued) 

CFRP/epoxy 

(Fabric) 

 
Elastic Modulus 

 
5  57.19 GPa 53.20 GPa -7 

10    53.25 GPa -7 

 
Tensile Strength 

 
5  576.1 MPa 573.2 MPa -1 

10    601.2 MPa 4 

 
Flexural Modulus 

 
5  51.4 GPa 54.7 GPa 6 

10    53.5GPa 4 

 
Flexural Strength 

 
5  667.2 MPa 759.9 MPa 14 

10    789.5 MPa 18 

 
Compressive Modules 

 
5  47 GPa 50.17  GPa 7 

10    50.17 GPa 7 

 
Compressive Yield Stress 

 
5  446.8 MPa 452.4 MPa 1 

10    510.8 MPa 14 

7 
Bekyarova 

et al. [97] 

CFRP/Epoxy 

(Fabric) 
 

Interlaminar Shear 

Strength  

~0.25 ~37.5 MPa ~47 MPa 27 

8 

Hummers and 

Offman 

[32] 

CFRP/Epoxy 

(UD) 

0.1  

Mode 1 Fracture 

Toughness  

  
~0.27 

kJ/m2 
-10 

0.5  ~0.3 kJ/m2 
~0.42 

kJ/m2 
40 

1    
~0.48 

kJ/m2 
60 

 

Mode II Fracture 

Toughness  

0.1    
~0.75 

kJ/m2 
-25 

0.5  ~1 kJ/m2 
~1.75 

kJ/m2 
75 

1    
~1.45 

kJ/m2 
45 
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 No. Reference Material 

CNT 

Concentration 
(wt%) 

Neat 

System With CNT 

Improve-

ment 

(%) 

9 
Qiu et al. 

[99] 

GFRP/Epoxy 

(Fabric) 

 
Elastic Modulus 

 
1  ~12 GPa ~15 GPa 27 

 
Tensile Strength 

 
1  ~350 MPa ~400 MPa 16 

 
Shear Modulus 

 
1  ~9.5 MPa ~10.5 MPa 12 

 
Shear Strength 

 
1  ~400 MPa ~432 MPa 8 

10 
Fan et al. 

[95] 

GFRP/Epoxy 

(Fabric) 

 

Interlaminar Shear 

Strength  

0.5    27.90 MPa 10 

1  25.42 MPa 30.65 MPa 21 

2    33.83 MPa 33 

11 
Veedu et al. 

[144] 
SiC/Epoxy (Fabric) 

Directly Grown 

on SiC Fabric 

Mode 1 Fracture 

Toughness  

0.95 kJ/m2 4.26 kJ/m2 348 

Mode 2 Fracture 

Toughness  

91 J/m2 140 J/m2 54 

Flexural Strength 
 

62.1 MPa 150.1 MPa 140 

Flexural Modulus 
 

23.1 GPa 24.3 GPa 5 

Flexural Toughness 
 

5.8 Nmm 30.4 Nmm 424 

 

 

No. Reference Material 

CNT 

Concentration 

(wt%) 

Unfunctionalized 

MWCNT 

(%) 

Amino 

Functionalized 

MWCNT (%) 

1 
Wang et al.  

[37] 
Epoxy 0.5  

Improvement of Elastic Modulus 

3.2  24.6 

2 
Young 

et al. [39] 
Epoxy 1 

Improvement of Maximum Strength 

(MPa) 

4 59 

Improvement of Elastic Modulus 

-10 35 

Improvement of Storage Modulus 

25 46 

Improvement of Glass Transition Temp oC 

-5 -2 
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No. Reference Material 

CNT 

Concentration 

(wt%) 

Unfunctionalized 

MWCNT 

(%) 

Amino 

Functionalized 

MWCNT (%) 

3 
Karippal et al. 

[92] 
Epoxy 3 

Improvement of Volume Conductivity 

E09 S/cm E12 S/cm 

Improvement of Thermal Conductivity 

(W/mK) at 150
o
C 

64 106 

Improvement of  Ultimate Tensile Strength 

45 61 

Improvement of  Hardness 

43 65 

 

 

Thermal Conductivity 

No. Reference Material 
Concentration 

(wt%) 

Neat 

System 

With 

GO 

Improvement 

(%) 

1 
Geng 

[145] 
Graphene/Epoxy 

  
Thermal Conductivity 

(W/m K) 
  

0.1 0.151 ± 0.006 0.192 ± 0.01 29 

 

 

 

No. Reference Material 

GO 

Concentration 

(wt%) 

Unfunctionalized 

GO 

With GO 

(%) 

2 
Liang et al. 

[146] 

GO/PVA 

Matrix 

 Improvement of Tensile Strength 

0.7   76 

 Improvement of Elastic Modulus 

0.7   62 
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APPENDIX B 

 

TENSILE TEST OF GO THIN FILM 

 

 

 
(a) 

 

 
(b) 

 

Figure B.1.  GO thin film samples for tensile testing: (a) sample with duct tape at ends for clapping 

purpose, and (b) GO thin film sample after failure. 

 

 

 
 

Figure B.2.  Schematic drawing of stress strain apparatus from PASCO. 
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Figure B.3. Stress strain apparatus (Model AP 8214) from PASCO. 

 

 
 

Figure B.4.  Testing sample placed in position. 
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Figure B.5.  Moment when testing on sample was conducted and image of failure sample. 
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APPENDIX C 

 

STIFFNESS TENSOR AND MATRIX 

 

 

 This appendix explains the stiffness tensors and matrices used in Chapter 6. The stiffness 

tensor is Cijkl in Hooke’s law, σij = Cijklεkl, where i,j,k,l∈{1,2,3} and Cijkl = Cjikl = Cklij = Cijlk [65]. 

The indicial notation of the most general situation of stress and strain components in Hooke’s 

law is stated below: 

σ~� = C~���ε�� 
ε~� = S~���σ�� 
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However, σ~� = σ�~, ε~� = ε�~, and 

σ<< = σ< 

σPP = σP 
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σ�� = σ� 

σP� = τP� = σt = τt 

σ�< = τ�< = σà = τà 

σ<P = τ<P = σ� = τ� 

ε<< = ε< 

εPP = εP 

ε�� = ε� 

2εP� = γP� = εt = γt 

2ε�< = γ�< = εà = γà 

2ε<P = γ<P = ε� = γ� 

C<<<< = C<< C<<PP = C<P C<<�� = C<�CPP<< = CP< CPPPP = CPP CPP�� = CP�C��<< = C�< C��PP = C�P C���� = C��
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Therefore, the stress strain equation of anisotropic component can be stated in the contracted 

notation as 

σ~ = C~�ε� 
ε~ = S~�σ� 

ã
ääå
<P��t�à��í
îîï =

ã
ää
å
�<< �<P �<��P< �PP �P���< ��P ���

				�<t �<à �<�				�Pt �Pà �P�				��t ��à ����t< �tP �t��à< �àP �à���< ��P ���
				�tt �tà �t�				�àt �àà �à�				��t ��à ���í

îî
ï
ã
ääå
µ<µPµ��t�à��í
îîï 



132 

ã
ääå
µ<µPµ��t�à��í
îîï =

ã
ää
å
�<< �<P �<��P< �PP �P���< ��P ���

				�<t �<à �<�				�Pt �Pà �P�				��t ��à ����t< �tP �t��à< �àP �à���< ��P ���
				�tt �tà �t�				�àt �àà �à�				��t ��à ���í

îî
ï
ã
ääå
<P��t�à��í
îîï 

 

 When an orthotropic material has three mutual planes of symmetry axis, the number of 

independent various are reduced to nine; therefore, 
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Also, the stress strain equations can be stated with engineering constants as 
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Figure C.1.  3-D Matlab simulation of fill strands of fiber. 

 

 
Figure C.2.  3-D Matlab simulation of warp strands of fiber. 
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Figure C.3.  3-D Matlab simulation of fill and warp strands of fiber. 
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