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ABSTRACT 

Research and development of graphene and graphene based materials have been 

increasing significantly since they were invented. This report presents the development of a 

highly conductive graphene thin film (GTF) to reduce the damage of lightning effects on 

composite aircrafts. Furthermore, there are three new developments that are presented in this 

research: (a) the development of a highly conductive functionalized nanosize GTF, (b) a new 

approach of incorporating the GTF into the carbon fiber reinforced composite panel, and (c) a 

new development of 3D stitching concept were introduced specifically using polyester threads 

instead of fiber yarns that can be useful for the applications of aircraft protections against the 

effects of lightning strike.  

In addition, graphene was chemically functionalized and oxidized to form GTF. The 

highest electrical conductivity measured on the GTF was approximately 1800 S/cm. 

Furthermore, the GTF was then incorporated into the carbon fiber reinforced composite. 

Delamination was observed between the GTF and the composite. To investigate this issue, the 

composite was mechanically tested and there was a 40% decrease in tensile strength compared to 

the baseline. Therefore, 3D stitching concept was then introduced to reduce the delamination. 

Four stitch configurations having different stitch length, thread to thread thickness, thread 

tension, and thread thickness respectively were used in this study. 3D stitching was initially done 

on six sheets of unidirectional prepreg, MTM45-1 without the incorporation of GTF. 

Furthermore, mechanical testing was carried out and the stitch configuration that delivered the 

most appropriate result was then further used on twelve sheets of unidirectional prepreg, 5320. 

Here, three samples which was the baseline, 5320 with and without the incorporation of GTF 

respectively were prepared and mechanically tested, and the strength values were observed. 
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CHAPTER 1 

INTRODUCTION 

1.1 Motivation 

     On an average basis, it is been estimated that each airplane commercial fleet in the U.S is 

struck lightly by lightning more than once a year [1]. Furthermore,when an aircraft flies through 

a heavily charged region of a cloud,this results in aircraft often trigger lightning. In addition, the 

lightning flash originates at the airplane and extends away in opposite directions. However, 

although record keeping is poor, private and small business planes are thought to be struck less 

frequently because they often can avoid weather that is conducive to lightning strikes as well as 

the smaller size. Furthermore, in the U.S., the last confirmed commercial plane crash occurred in 

1967 which was directly attributed to lightning, when lightning caused a catastrophic fuel tank 

explosion [1]. Since then, much has been learned about how lightning can affect airplanes. There 

have been many studies conducted to reduce the effects of lightning strikes. As a result, 

protection techniques were introduced and have shown improvements. Today, to verify the 

safety of the airplane designs, airplanes do receive a rigorous set of lightning certification tests. 

However, ifcrew and passengers in an airplane may hear a loud noise and see a lightning flash if 

lightning strikes their plane, nothing serious should happen because of the lightning protection 

techniques been used and engineered into the aircraft and its sensitive components [1]. Finally, 

this thesis research is mainly concerned about the direct effects instead of the indirect effects of 

lightning strikes.  
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1.2. Aim and Scope 

       To further reduce the damage caused by the effects of lightning strikes on airplane, many 

universities in the U.S. and around the world have researched and developed various other 

methods. For instance, a conductive carbon nanotube (CNTs)buckypaper was developed to 

withstand and disperse off the effects of lightning.  

However, in this research, another approach was taken where a highly conductive graphene 

based thin film was developed. In general, graphene has a zero energy band gap structure which 

indicates that graphene has a higher electrical conductivity compared to carbon nanotube. 

Therefore, the aim of this research is to incorporate the GTF into the carbon fiber reinforced 

composites via the 3D composite mechanism to prevent the delamination and de-bonding 

between the thin film and the carbon fiber prepreg sheets. The electrical properties of the GTF 

before and after the incorporation into the carbon fiber were similar. In chapter 2, a complete 

literature review was done to compare the properties of carbon nanotube and graphene. Last but 

not least, 3D composite mechanism was also introduced in this research on the carbon fiber 

reinforced composites with the incorporation of the GTF.  

1.3. Introduction and environmental factors of lightning strikes 

1.3.1. Backgrounds 

 

          Lightning strikes occur due to environmental conditions. For example, the positive and 

negatively charge ice particles from the cumulonimbus cloud leads to lightning strike [1]. 

Furthermore, due to splintering and collision of ice particles, melting and freezing of complex 

processes of charges in the clouds accompanied by the movement of the raindrops leads to the 

formation of lightning flashes which leads to a lightning strike. In addition, generally, the 

negatively charged particles are concentrated on the lower part of the cumulonimbus cloud and 

on the other hand; positively charged particles are more on the upper region of the cloud. 
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Besides, both positively and negatively charged particles from the cloud creates electric field 

within the clouds which then produces electric sparks because of air being ionized together and 

convert into lightning flashes. Figure 1.1 shows the distribution of electric charged ions in 

cumulonimbus cloud [1]. 

 

Figure 1.1: Distribution of electric charged ions in cumulonimbus cloud [1]. 

1.3.2. Lightning Phenomenon 

 

          Lightning is an atmospheric discharge of electricity, which typically takes places during 

thunderstorms, and sometimes during dust storms. In addition, a leader of a bolt of lightning can 

reach temperatures approaching 30000 ˚C and can travel at speeds of 60,000 m/s in the 

atmospheric lightning discharge conditions [2].Furthermore, it was also reported that lightning 

aircraft incidents most often occur when the air temperature is in the range of -5 to 0ºC [1].  

It has been reported that in the world every year, there are some 16 million lightning storms that 

takes place. Furthermore, an average bolt of lightning can transfer a charge of 500 MJ and five 

coulombs as well carrying an electric current of approximately 40kA [2]. For instance, larger 
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bolts can carry up to 350 coulombs and 120kA. Also, the voltage depends on the bolt‟s length, 

where the dielectric breakdown of air being 3 million volts per meter. For instance, this works 

out to approximately 1GV for a 300 m lightning bolt. Therefore, having an electric current of 

100 kA, this gives out a power of 100 terawatts [2]. Figure 1.2 shows the 4 components of 

lightning current [2]: 

 

Figure 1.2: Lightning current components [2] 

 

Component A appears during the initial stroke where the peak of amplitude of this component 

equals to 200kA ±10%with time duration ≤500μs.  

Component B, the maximum charge transfer is approximately 10 coulombs and the current is 

intermediate with average amplitude approximately 2 kA.  

Component C, the charge transfer is approximately equal to 200 coulombs ±20%, and the current 

continues with amplitude ranging from 200 A to 800 A.  

Finally, component D, this component appears during re-strike and the peak amplitude of this 

component is equal 100kA ±10% with time duration ≤500μs. [2] 
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1.3.3 Direct effects of lightning strikes 

        Direct effects are defined as physical effects to the equipment and aircraft due to the direct 

attachment of the conduction of the lightning current and channel and its short time transient as 

well as its high power [2]. For instance, bending, melting, blasting, dielectric puncture, 

plumbing,other conductive components, and vaporization of structures and surfaces are examples 

of direct effects. However, the high current flowing in adjacent structures and thermal effects at 

the arc attachment can also produce a direct damage. For instance, the mechanical and heating 

effects of the strike could possibly result in the damage of the control wires as well as puncture 

the skins of the thin fuel tank.  

         Furthermore, the large magnetic forces and shock waves derived from lightning strikes may 

snap the bonding braids, buckle metalwork, and shutter thin panels. Also, the non-conducting 

fairing over the weather radar called the radome may shattered by the effects of lightning strikes. 

Furthermore, occurrence of a spark is another result from a lightning strike. Here, by the passage 

of the current, the sparks might be generated on the insideof a fuel tank. Furthermore, these 

sparks could then ignite the air or fuel vapor that is present and further result in explosions and 

fires.  

      Therefore, protection measurements should be taken to avoid the induction of currents and 

voltages which could destroy the electrical and computer systems [2]. It is true that some aircraft 

are less prone to lightning strikes. For instance, speed, shape, and size are all aircraft-specific 

variables which determine an aircraft‟s susceptibility to a lightning strike. However, it is also 

true that all aircraft damage varies with aircraft type. Careful aircraft design can minimize 

lightning damage [3]. 
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On the other hand, to analyze the effects of lightning strikes, it is important to determine the 

aircraft zones or surfaces, where lightning strike attachment to the aircraft is less or more 

probable. Figure 1.3 shows the lightning strike zone details for transport aircraft. 

 

Figure 1.3: Lightning strike zone details for transport aircraft [4]. 
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        According to the Federal Aviation Administration (FAA), the following zones in its 

Advisory Circular AC 20-53A and in a proposed draft AC 20-53B associated with specific 

external lightning waveforms [4]. 

The specific zones definitions are as follows [4]: 

- Zone 1A: Initial attachment point with low possibility of lightning channel hang-on.  

- Zone 1B: Initial attachment point with high possibility of lightning channel hang-on.  

- Zone 1C: First return stroke of reduced amplitude with a low expectation of hang on 

- Zone 2A: A swept-stroke zone with low possibility of lightning channel hang-on.  

- Zone 2B: A swept-stroke zone with high possibility of lightning channel hang-on.  

- Zone 3: Portions of the airframe that lie within or between the other zones, which may 

carry substantial amounts of electrical current by conduction between areas of direct or 

swept stroke attachment points.  

1.4. Protection of composite aircrafts to reduce the effects of lightning strikes 

       Composite materials are widely used in the manufacture and design of aircrafts. Besides, 

composites are divided into two categories such as electrical conductive and non conductive 

composites for the protection of lightning strikes [1, 5]. For example, carbon fiber reinforced 

composites (CFC) or graphite epoxy (GR/E) is a part of conductive composite material and 

aramid fiber reinforced plastics as well as fiber glass are a part of non conductive composite 

materials. Furthermore, conductive composites are used to prevent internal streamers or damages 

and also to prevent electrical field penetration.  

        On the other hand, non conductive composites can‟t conduct lighting currents because they 

are electrical insulators. Therefore, electric fields of lighting strike can easily penetrate these 

materials. To prevent this issue, conductive coating or paint with the combination of non 
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conductive composites can prevent electric field penetration when coatings approach 100% 

coverage. In addition, applications of non conductive composites are normally employed in 

secondary structures such as fairings, fins, wings, and radomes or used in skins which are or 

must be transparent to radar and radio waves [1, 5]. However, non conductive composites are 

prone to punctures by the initiation of lightning streamers because lightning strike producing the 

electric fields can penetrate through this skin and therefore inducing the streamer from 

conductive objects. The cause to high damage to these materials occurs when the high amplitude 

return stroke currents.  

         Therefore, to prevent this from happening, punctures are provided with external conductors 

called diverters. These diverters intercepts the lightning flashes/strikes and causing the lightning 

strike to divert to the surrounding metallic structure. Last but not least, there are two methods 

used to protect non conductive composites which are diverter strips are employed on the exterior 

surface in order to initiate the streamer points and to intercept the electric fields produced by 

lightning strike and the other is to apply electrical conductive material on the exterior structure of 

the aircraft. These two methods are very effective when dealing with lightning strikes and most 

importantly protects enclosed systems against lightning effects [1, 5]. 

1.4.1. Protection on composite surfaces 

          In the following section, what will be discussed are other various protections of composite 

skins. As mentioned above, where radio frequency transparency is not required, a conductive 

coating or paint can be applied over the exterior surfaces to prevent electric field effects, conduct 

lightning currents, and puncture [1, 5]. In addition, this section will more focus on flame sprayed 

metals, woven wire fabrics, expanded metal foils, interwoven wires, and aluminized fiber glass. 

Before going into further explanation for each application, it is really important to understand 

that all these applications must be only applied to the exterior surface of the composite skin and 
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only one protective layer is required [1, 5]. For the first application, flamed sprayed metals, to 

effectively prevent the effects of lightning strikes, solid metal coatings are applied by spraying 

molten metal on the surface that needs to be protected, basically the exterior surface of the 

composites. Furthermore, the protection skin layer is made of fiberglass generally.  

One important factor that should be taken into account is that spray or the paint thickness should 

be minimized as possible as thick primers will lead to further intensive damage during the effects 

of lightning strikes. In addition, the advantages associated with this application are it has the 

ability to cover complex shapes and excellent protection for all lightning strike zones. On the 

other hand, the disadvantages are weight factor, separation of mold is very difficult, and high 

cost of manufacturing [1, 5]. 

         Next, woven wire fabrics are generally good and very effective for the protection of non 

conductive surfaces. In this application, the material used is aluminum with small wire diameters 

ranging 0.002 to 0.004 in [1, 5]. However, the only problem with this application is the woven 

fabrics do not drape well onto the composite surface and therefore they have to be lapped and cut 

to fit the surface. In addition, the reason to why this application has an effective prevention to 

lightning strike is mainly because they have significant improvement in electrical conductivity 

properties as compared to composites and the period of “holes” and “ridges” in the weave 

enables dielectric breakdown of primers as it gets intensified by local electric fields [1, 5]. In 

short, the lightning energy is being dispersed over a wide area of surface and therefore reducing 

the damage of the aircraft structure. Last but not least, the advantages associated with woven 

fabric wires are light weight, flexible, protects all strike zones, and ability to co-cure with the 

composite laminate. On the other hand, the disadvantages are fabric woven have to be lapped 

and cut to fit and difficult in draping over structure surfaces [1, 5].  
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1.4.2. Application of conductive materials 

          Expanded metal foils are nothing but fabricated through milling process. Under milling 

process, stretching and perforation of the solid metal foil takes places which in return gives better 

electrical conductivity compared to woven fabric wires.  Furthermore, metal foils can also be 

bonded to composite laminates and to wire fabrics to promote arc root dispersion. In addition, 

the protection of this application is equally the same as the other two applications for all 

lightning strike zones but the extra advantage is that shock and thermal wave damage would be 

lesser. This is because expanded metal foils have the ability to carry highly concentrated 

lightning currents. To understand more into depth about the current carrying abilities of typical 

coils, refer to the table below to get a rough approximation. Overall, the advantages with this 

application are light weight, flexible, easy of application and draping, electrical conductivity is 

excellent, ability to co-cease with composite laminate, and protection for all lightning strike 

zones. The disadvantage is the cost which is high for process and manufacturing.  

         Besides, by the addition of fine metal wires woven into the outer ply of a CFC laminate, 

interwoven wires can protect CFC laminate. In this way, the CFC properties do not alter and 

therefore mechanical properties do not change [1, 5]. The diameter of this kind of wire has range 

of 0.0005 to 0.04 in. Furthermore, many tests have been conducted on this application and the 

results have shown that additional layers of interwoven wire plies have significantly increase the 

degree of damage [1, 5]. Therefore, this application have to applied or incorporated in the outer 

structural ply only and lesser number of this wire plies should be used to avoid further damage. 

However, interwoven have advantages such as it is very easy to process and manufacture, 

maintenance, repair, and negligible weight penalty. The disadvantages are corrosion can take 

place easily when exposed to moisture.  
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         Last but not least, aluminized fiberglass will be discussed. Here, the combination of glass 

fibers with the coatings of aluminum and woven into fabrics can increase electrical properties in 

term of conductivity. This application is really useful because the glass provides a heat sink, 

thereby allowing the aluminum coating to carry the current two times more that it could normally 

carry. Furthermore, the disadvantages here are that this application promotes more extensive 

damage to laminates protected with aluminized fiberglass than compared to woven fiber wires 

[1, 5].  
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Composite materials 

2.1.1. Definition 

          Materials that are made from two or more materials which differ in chemical and physical 

properties are known as composite or composite materials. Furthermore, for a material to be 

called a composite, it must meet certain criteria such as being insoluble with each other, the 

constituent phases being combined at the macroscopic level, and having characteristics that are 

not depicted by any of the constituents alone [6]. In addition, there are two main constituents in a 

composite material, which are the matrix and the fiber (or the reinforcement phase). The 

constituent which is generally present in a greater quantity and continuous is called matrix. The 

main function of the matrix is to bind and enclose the reinforcement, effectively protecting the 

entire composite material, and distributing the applied load to the fiber reinforcement [6]. The 

fiber or reinforcement phase is the second constituent and is stiffer and more brittle than the 

matrix. Fibers are known as the primary load-bearing constituents. These fibers come in various 

forms such as whiskers, particulate, short, and long fibers. Also, there are three factors that 

mainly affect the properties of the composites materials which are the arrangement, shape, the 

volume of the fibers. These fibers are sold in the following forms: 

(a) Long fibers are cut during the fabrication process of the composite materials; long fibers 

are used as they are or in a woven form. 

(b) Short fibers are used in injection molding process and are a few centimeters in length. 

         In addition, fiber materials primarily consist of silicon carbide (high temperature 

resistance), carbon or boron (high strength or modulus), glass, or Kevlar (very light) [7].  



13 
 

Furthermore, before the reinforcement forms, the fibers are treated to efficiently improve the 

adhesion contact of the surface with the matrix material and also to decrease the abrasion action 

of fibers during the machining process [7]. However, there are advantages and disadvantages 

associated with composite materials. 

 

Figure 2.1: Arrangement of different fiber reinforcement in composites [6]. 
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Advantages [6] 

- By improving the structural properties of composites, composites will have better 

resistance in terms of fatigue, corrosion, and electrical conductivity, and will have better 

acoustic and thermal insulation. 

- By using composite materials to design or manufacture an airplane, tools, spare parts, and 

assembly are reduced. Therefore, the design of parts would be efficient, convenient, and 

such parts could be easily replaced when necessary. 

- Compared to metal, composites have greater strength to stiffness and strength to weight 

ratio. This is due to the distribution of the reinforcement fibers, along with their direction. 

For example, in a sheet molding compound (SMC), the random distribution of the short 

fibers can be improved in matrix properties can be imparted due to the strong directional 

properties of the unidirectional composites.  

Disadvantages [6] 

- Even though the tooling and assembly are convenient and simple, the manufacturing of 

composites is expensive. For example, high technology equipment, productivity of 

manufacturing methods accompanied by a large degree of skilled laborers are required to 

deal with the costly high-performing fibers.  

- Since composites are new in the market, there is lack of reliable material property 

databases, tools, and design rules. 

- Precautions need to be taken when dealing with composites as composites are not 

friendly with hostile environments. For example, composites suffer from sensitivity to 

hygrothermal environments.  
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Listed above are the advantages and disadvantages of composite materials. However, composites 

have various applications and are widely used today in every industry since its advantages 

outweighs its disadvantages.  

2.1.2. Applications of Composite materials 

          Composites materials have various and versatile properties that make it useful and 

applicable in different fields of industries today. Table 1 represents the applications of composite 

materials and their examples.    

TABLE 1 

APPLICATION OF COMPOSITE MATERIALS AND ITS EXAMPLES [7] 

Application Examples 

Public works and buildings. Swimming pools, concrete molds, domes, windows, doors, bathrooms, furniture, 

façade panels, and housing cells. 

Rail transports Wagons, seats and interior panels, fronts of power units, and ventilation housings.  

Cable transports Tele-cabins and tele-pherique cabins. 

Space transports Nozzles, rocket boosters, shields for atmosphere re-entrance, and reservoirs.  

Sports and recreation Surf boards, protection helmets, bows and arrows, fishing poles, squash and 

tennis racquets, and gold clubs. 

Air transports Aircraft brake discs, helicopter blades, vertical stabilizers, composite gliders, and 

composite passenger aircrafts.  

Marine transports Landing gears, racing / petrol and pleasure boats, trawlers, canoes, anti-mine 

ships, and rescue crafts. 

General mechanical applications Robot arms, flying wheels, pipes, castings, housings, gears, bearings, pneumatics 

for radial frames, weaving machine rods, and tubes for offshore platforms.   

Road transports Isothermal trucks, suspension arms and springs, casings, cabins, seats, complete 

body, transmission shafts, and bottles for compressed petroleum gas, chassis, 

shields, wheels, and radiator grills.  

Electrical and Electronics Cable tracks, antennas, windmills, insulation for electrical construction, supports 

for printed circuits, circuit breakers tops of television towers, covers, and boxers. 
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2.2. Carbon Nanotubes (CNTs) 

       In 1991, a Japanese electron microscopist by the name of SumioIijima discovered CNTs [8]. 

Since then, for functional and structural applications, there has been a considerable interest in 

utilizing nanotubes. Furthermore, depending on the types of nanotubes, for example, chirality, 

diameter, and length, nanotubes have a wide range of structural, thermal, and electronic 

properties. In addition, carbon nanotubes are nothing but a hexagonal lattice of carbon or can be 

assumed as a sheet of graphite. In other words, carbon nanotubes are rolled into a cylindrical 

shape and closed with caps containing pentagonal rings at either ends. Therefore, these 

characteristics make carbon nanotubes play a vital role in smart material technology as well as 

other applications [9-11]. Figure 2.2 shows an example of the basic structure of a single walled 

carbon nanotube (SWCNT) [8]. 

 

Figure 2.2: SWCNT structure [8]. 

        On the other hand, understanding carbon as an element is important. Carbon itself can be 

bonded with other atoms either in a single, double, or triple forms in terms of bonding. 

Therefore, this makes carbon one of the most diverse elements on this planet. Also, this makes 

carbon to be one of the lightest elements that forms covalently bonded solids at room 

temperature [12]. However, there are many allotropes of carbon. Some of them are amorphous 



17 
 

carbon, carbon nanotubes and fullerene, graphite, carbon fiber, and diamond. Figure 2.3 shows 

the allotropes of carbon. 

 

    

 

 

 

 

Figure 2.3: Allotropes of Carbon – a. Amorphous Carbon b. Diamond c. Graphite v. Carbon fiber 

and v. Fullerene [12]. 

         In general, carbon nanotubes are long, thin tubes and have very high aspect ratio. In 

addition, they are millimeters or even micrometers in length and one or a few nanometers in 

diameter (50nm for MWCNT). However, there are carbon nanotubes that are produced much 

longer in length, up to 10 to 20 centimeters [10]. Even so, they are not thicker than typical 

molecules. Due to these properties, carbon nanotubes are widely used in electronic industries as 

quantum dots and wires. For example, carbon nanotubes are used as components in single 
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electron and nanostructure field emission transistors [11]. Apart from that, various researches 

proved that carbon nanotubes (CNTs) have amazingly tough and rigid properties compared to 

other materials. For example, they have a large fracture strain and elastic strain sustaining 

capability, and exceptionally high elastic properties [13].  

2.3. Structure of CNTs 

       A new world of nanotechnology has evolved since the discovery of carbon nanotubes. Since 

then, many forms of carbon materials were produced (Figure 1.4). Furthermore, in 1985, Smalley 

et al. [14] discovered a geometrical form of carbon, 𝐶60  called the buckminsterfullerene. The 

buckminsterfullerene is nothing but a convex cage of atoms having only pentagonal and 

hexagonal faces. To support this statement, Iijima [14] discovered multi-walled carbon 

nanotubes (MWNTs) and observed rolled up carbon graphite to make tubes. Also, in 1993, 

single walled carbon nanotubes (SWNTs) were discovered by Bethune and colleagues [14].  

                                             (a)                                    (b)                                  (c) 

Figure 2.4: Structure of carbon nanoparticles: (a) Fullerene, (b) SWCNT and (c) MWCNT [14]. 

        With axial symmetry along the long axis of the tube, carbon nanotubes structures can be 

assumed to be as a graphene sheet that has been rolled up to form a cylinder (Figure 1.5). 

Furthermore, the length of the CNTs (cylindrical shape) can reach up to the millimeter scale, 

thus having aspect ratios of 10
5
 to 10

6
 [14]. On the other hand, the diameter of CNTs can range 
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approximately from 0.3 nm to 10 nm. The figure below shows the diagram of a graphene sheet 

rolled up to form a cylinder-shaped CNT. 

 

Figure 2.5: Diagram of graphene sheet (left) and cylindrical CNTs (right) rolled up from the 

graphene sheet [8]. 

However, MWCNTs are graphene layers that are arranged coaxially around the central axis of 

the tube, having 0.339 nm as a constant separation between the layers [11]. The figure below 

illustrates the diagram of concentric SWCNTs which then become incorporated into MWCNTs.  

 

 

 

Figure 2.6: Diagram of a MWCNT composed of concentric SWCNTs [11] 

         Besides, electron diffraction methods are used to observe the helicity of a hexagonal 

structure in SWCNTs in order to register the signature spots that originate from the top and 

bottom of the tube, respectively. There is an additional constraint in MWCNTs which is having 

constant inter-layer separation of continuous tubes that requires each cylinder to have its own 
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helicity. In general, in MWCNTs, compared to number of layers, there are smaller numbers of 

spots observed. Therefore, this proves that the layers in MWCNTs have the same helicity [14].  

         Furthermore, by studying the periodic arrangement in structures along the axis of the tube, 

we can have a better understanding of the helical properties of nanotubes. For example, a single 

tube can be classified as chiral (non-symmophic) or achiral (symmorphic) [15-16]. In addition, 

chiral CNTs exhibit a spiral symmetry whereby mirror images cannot be superposed on to the 

original image (Figure 2.7). Therefore, this leads to such range of geometries due to inherent 

chirality of the nanotubes by itself. On the other hand, there are only two kinds of achiral 

nanotubes that exist which are in the form of “armchair” and “zigzag” tubes. These names were 

derived from the arrangement of hexagons around the circumference of the tubes (Figure 2.8). In 

short, these unique properties of nanotubes are widely used for the makeup of composite 

materials that are widely used for various applications.  

         Also, for most of the tube length (until the ends are reached), SWCNTs are relatively defect 

free and are straight in direction. However, due to the presence of pentagonal defects, polyhedral 

and cones cap structures occur (Figure 2.7) [17]. In addition, compared to tubes with diameters 

of more than 2 nm, tubes with smaller diameters prove to be more perfectly structured. This has 

been experimentally observed. In short, MWCNTs (larger diameters), along the tube axis, are 

more heavily populated with defects [18].  

 

   

Figure 2.7: Definition of roll-up vectors [17]. 
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Figure 2.8: Classification of carbon Nanotubes [17]. 

 

Figure 2.9: Diagram illustrates chiral vector that is rolling up to form SWCNTs with different 

vector lattice [17]. 

 

 

 

                                                   (a)                                      (b) 

Figure 2.10: Diagram illustrates the atomic structure of an armchair (a) and a zig-zag CNTs (b) 

[17]. 
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2.4. Properties of CNTs 

2.4.1. SWCNTs 

         As mentioned above, CNTs have exceptional properties such as thermal, electro mechanic, 

and electrical conductivity properties due to its special structure. Furthermore, CNTs have one 

very important property in which they can exhibit the characteristics of a semiconductor or a 

metal [19]. This is determined by the chirality of the CNTs that act as a semiconductor or metal 

[19]. For example, if (n+m)/3= integer, then CNTs act as a metal, if not CNTs act as a 

semiconductor [19].  

         Today, SWCNTs are known to be the strongest fibers available [20]. Furthermore, the 

tensile strength and modulus ranges from 11 GPa to 200 GPa and 270 GPa to 1 TPa respectively. 

In addition, the Young‟s modulus of SWNTs is approximately around 1 TPa while having 

density of between 1.2 g/cm
3
and 1.4 g/cm

3
. In other words, compared to steel‟s Young‟s 

modulus (200 GPa), carbon nanotubes are five times greater in strength [8]. In short, having such 

a low density and high strength makes this material very strong and light. Furthermore, SWNTs 

possess superior electrical and thermal properties. For example, SWNTs have a thermal stability 

of up to 2800 ⁰C in a vacuum (750 ⁰C in air), and the thermal conductivity is twice the thermal 

conductivity of diamond.  

         Compared to copper wires, SWNTs‟ electric current carrying capacity is approximately 

1000 times higher [9]. Besides, SWNTs have a high surface area and this property has attracted 

many researchers. For example, among carbon materials, SWNTs have high specific surface area 

where a single tube can reach as high as 1,300 m
2
/g [10]. Due to the large surface area, 

nanotubes can be applied in many gas adsorption techniques such as hydrogen storage for 

sustainable energy supplies. Therefore, SWNTs‟ properties enable them to be used widely in 

nano-composite, multifunctional, and structural composite applications. 
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2.4.2. MWCNTs 

          As mentioned above, MWCNTs consist of series of coaxial cylindrical graphitic tubes, and 

they have a variety of size distributions. MWCNTs were the first CNTs to be discovered [21]. 

Figure 2.11 below shows a high resolution transmission electron microscopic (HRTEM) of an 

individual MWCNT.  In addition, they are 10 micrometers in length and 2 nm to 10 nm in 

diameter. According to Ebbesen et al. [22], the tensile strength and Young‟s modulus of the 

MWCNTs were measured to have a value of 20 GPa and close to 1 TPA, respectively. The 

specific surface area was around 300 g/cm
3
 to 400 g/cm

3
. However, MWCNTs do not have high 

electrical conductivity properties when compared to SWCNTs.  

 

Figure 2.11: HRTEM image of an individual MWCNT (a) and (b) respectively [22, 23]. 

          

           The presence of large interlayer spacing is indicated by the arrows (a) [23]. Also, a 

Russian doll-like structure called “nested shells” was suggested after transmission electron 

microscopy (TEM) was conducted on MWCNTs. Furthermore, the interlayer spacing of 

MWCNTs was found to be very close to graphite, MWCNTs having spacing of approximately 
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0.34 nm and graphite, 0.335 nm [24, 25]. To further support this statement, Kiang et al. [26] 

conducted a study on the interlayer spacing on MWCNTs. He mentioned that depending on the 

number and diameter of the nested shells in MWCNTs, the interlayer spacing can also range 

from 0.342 nm to 0.375 nm. This can result from the decrease in the diameter of the nanotube 

which is attributed to the increase of repulsive force due to the high curvature. As a result, the 

inter-shell spacing increases [26].  

2.5. Graphene 

       Graphene is a single molecule crystal of carbon atoms which then forms a hexagonal 

honeycomb lattice with sp
2
-hybridized bonds. The electron configuration of free carbon atoms is 

1𝑠22𝑠22𝑝2. Notably, sp
2
 carbon-carbon bonding is the strongest bonding, thereby making 

graphene the strongest and hardest possible material today. There is a difference between 

graphene and graphite. Graphene is a single 2D plane of this crystal (carbon atoms) and many of 

these planes stacked on top each other (held by van der Waals forces) are called graphite. In 

short, for graphitic materials of all other dimensionalities, graphene is a basic building block 

(Figure 2.12) [27]. 

 

Figure 2.12: Many forms of graphitic materials [27]. 



25 
 

          Over the past few years, graphene has attracted many researchers as well as experienced a 

tremendous increase in interest. This is proven by the increase in the number of reports: from 

500 in the year of 2006 to 3000 in the year of 2012.  There are many reasons for this. For 

example, there has been a high interest in the development of coal-based semiconductors such as 

CNTs and graphene. This is due to the fact that these materials can be used as a replacement for 

rare materials.  

         On the other hand, in terms of environmental conditions, graphene has also attracted much 

attention around the world. For example, from ore, rare earth minerals have to be mined and 

processed but graphene can be synthesized from various organic materials. Furthermore, 

graphene can be recycled, leading to energy savings. Also, graphene is widely used in many 

fields and applications ranging from electronics to optics to the medical industry [27, 28]. 

Finally, graphene is a very exciting material, as it has an exotic electrical behavior and excellent 

material properties. For example, some of these properties include efficient tunneling through 

potential barriers, good electrical properties (such as a high current carrying capacity), a high 

thermal conductivity, and excellent mechanical properties such as a high tensile strength, 

Young‟s modulus, and low friction. Therefore, this makes graphene a very promising material. 

2.5.1. Morphology and Structure 

          As mentioned previously, the honey comb lattice structure of graphene is mainly 

composed of two equivalent sub-lattices of carbon atoms which are bonded together with σ 

bonds (Figure 2.13a). In the lattice structure of each carbon atom, the π orbital is present. This 

orbital mainly contributes to a delocalized network of electrons. However, with a basis of two 

atoms per unit cell, the structure of graphene can be illustrated as a triangular lattice. 

Furthermore, using Scotch tape on highly ordered pyrolitic graphite, the first isolation of 

atomically thin graphene was used (mechanical exfoliation) [29]. Monte Carlo et al. [30] 
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performed a simulation and TEM studies on whether freely suspended graphene contains ripples 

or not.  

          Furthermore, by the method of microscopic corrugations, height displacement and lateral 

dimensions were estimated to be 0.7 nm to 1nm and 8 nm to 10 nm, respectively (Figure 2.13b). 

In addition, several experiments were conducted, and one of them consisted of depositing 

graphene platelets (sub-nanometer fluctuations in terms of height) on SiO2 substrate which was 

observed under a scanning tunneling microscope (STM) [29]. Here, for bigger ripples having 

height dimensions of between 2nm to 3 nm, there was presence of strain local conductance 

modulations [29, 31]. Therefore, in short, optical and local electrical properties of graphene can 

be altered with the induction of ripples through “ripple engineering” for various applications, 

such as devices. Apart from this, in real 3D space, graphene can have other defects which 

include cracks/edges, topological defects having pentagonal and heptagonal shapes or even their 

combinations, absorbed impurities, and ad atoms. For instance, studies have been conducted on 

the dynamics and stability of the edge of a hole in a suspended graphene platelet. Here, TEM 

images have proved that during edge reconstruction, both “armchair” and “zigzag” 

configurations can be formed. Also, under electron irradiation at 80 KV acceleration voltages, 

“zigzag” edges were observed to be stable [33].  
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                                                   (a)                                                                  (b) 

Figure 2.13: (a) Schematics of the crystal structure, Brillouinzone and dispersion spectrum of 

graphene; (b) „Rippled graphene‟ from a Monte Carlo simulation [29, 33]. 

           To further understand the structure of graphene, the figure below illustrates the triangular 

2D network the unit cell for a single layer of graphene (SLG) [34]. The unit cell of the SLG 

contains two atoms A and B which are displaced from each other by carbon-carbon distance, 

𝑎𝑐−𝑐= 0.142 nm and each forming a triangular 2D network. From here, we can predict the 

structure of double layer graphene (DLG). Figure 2.14 b and c respectively show how these 

networks are stacked together (A1B1 and A2B2) whereby they overlap. For example, A1 and A2 

are two atoms that overlap, while B1 will be underneath the vacant center of the above 

hexagonal cell and B2 being placed on top of the vacant center of the underlying hexagon.  This 

study was conducted by Meyer et al. [34] which then confirmed the hexagonal structure by TEM 

study (Figure 2.14). 
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(a)                                                  (b)                                      (c)  

Figure 2.14: SLG, unit cell with light grey and dark grey of A and B indicates sub lattices (a),  

(b) DLG, grey dots represents layers in (a) and black dots as well as circles constitutes the 

second layer; (c) 3D unit cell for DLG [34]. 

2.5.2. Properties 

2.5.2.1. General properties 

             In general, graphene has excellent breaking and stiffness strength. In addition, graphene 

was measured to have an intrinsic strength and Young‟s modulus of 130 GPa and 1.0 TPa, 

respectively. Furthermore, the specific surface area of graphene was theoretically large having a 

value of 2630 m
2
/g. it was also reported that thermal conductivity of graphene was high, 

measured between 4840 to 5300 W /m
-1

K
-1

[35]. On the other hand, extremely high values in 

terms of intrinsic carrier mobility and electron density properties were associated with graphene 

material. The values were measured to be 200,000 cm
2
V

-1
 s

-1
 and 2x 10

11
 cm

-2
, respectively [36]. 

These properties as well as its electrical conductivity and optical transmittance (approximately 

97.7 %) merit attention for various applications.  

2.5.2.2. Mechanical properties 

            As mentioned above, graphene‟s structure consists of 𝑠𝑝2 C-C bonding which means that 

this material has the strongest bond today. This is due to the fact that graphene is able to sustain 
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breaking strength up to 42N/m with an intrinsic Young‟s modulus of 1 TPA and mechanical 

strain of 25% [37]. Fully stretching these bonds lead to a high tensile strength. This leads to 

graphene to having possibly the best ever measured mechanical properties. Furthermore, 

mechanical properties of monolayer graphene include parameters such as: fracture strength; 

shear modulus, G; Young‟s modulus, E, which represents the stiffness of the material; and, 

finally, the Poisson‟s ratio, v [38]. In addition, on a strip of graphene suspended over trenches, 

using Atomic Force Microscopy (AFM), investigations were conducted on the Young‟s modulus 

of a few layers of graphene [37, 38].  Also, using force-volume measurements in AFM, circular 

membranes of a few layers ofgraphene were characterized [39].  

            Furthermore, experimental data of some 3D materials such as CNTs and graphite can be 

compared to graphene since graphene has a planar dimension. However, this comparison of 

graphene to 3D values can be done if and only if they are divided by the inter-planar distance of 

0.35 nm in graphene. To support this statement, Lee et al. [38] mentioned that given that when 

the measured values have been transformed, one cannot obtain other mechanical properties, 

meaning that they cannot be considered intrinsic to the single sheet of graphene anymore. Also, 

Lee et al. [38] conducted experiments related to nano-indentation measurements affiliated with 

AFM equipment. It was reported that the graphene has a Young‟s modulus of 1 TPa, intrinsic 

strength (fracture strength) of 130 GPa that corresponds to strains of up to 25%, third order 

elastic stiffness of D= -2 TPa, G values of 0.21 TPa to 0.408 TPa, and finally a Poisson‟s ratio, v, 

that varies from 0.149 to 0.45 [38].  

2.5.2.3. Electrical properties 

             Both experimentally and theoretically, graphene has been confirmed to be a near-perfect 

electronic conductor. There are two reasons as to why graphene is considered to be near-perfect 

electronic conductor. Firstly, graphene is a zero-gap semiconductor (resistivity changes are 
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small) where the valence and conduction bands overlap (Figure 2.15) [40]. Secondly, near the 

edges of the 2D first Brillouin zone, where electrons behave like massless Dirac fermions, the 

electron momentum, k, is linearly related to the energy, E.   

 

Figure 2.15: The electronic band structure of graphene. The diagram on the left represents 3D for 

a unit cell in the reciprocal space and on the right; linear structure is focused near a K point [40]. 

             Also, ballistic transport has been observed on these graphene sheets. Through the 

material in a normal conductor, via holes or electrons, charge carriers are scattered, thereby 

dissipating their momentum.  In graphene, without being scattered, the charge carriers by holes 

or electrons can travel as far as 0.3 micrometers [40]. Under ambient conditions, their mobility 

can reach up to 15000 cm
2
 V

-1
 s

-1
 and the concentration of charge carriers can be tuned up to 10

13
 

cm
-2

 [30].  This is due to the fact that graphene is a zero-band gap semiconductor, meaning 

graphene displays charge carriers and an ambi-polar electric filed effect that can be tuned 

continuously between the holes and electrons (Figure 2.16) [31, 32]. However, graphene is the 

best conductor today mainly because, at room temperature, the resistivity and the limit of the 

electron‟s mobility are approximately 10
-6

 Ω/cm and 200000 cm
2
 V

-1
 s

-1
, respectively [31, 33]. 

Comparing these results with silver, for instance, graphene proved to be much weaker in terms of 
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resistivity, and weaker resistivity leads to higher electrical conductivity based on the equation 

σ=1/ρ. This will be discussed later.  

 

Figure 2.16: Ambi-polar electric effect in monolayer graphene [31, 32]. 

2.5.2.4. Electronic energy band structure 

 Graphene has a very interesting electronic band structure. The ideal 2D system 

ofgraphene is provided by the π electrons which consist of a single atom thickness of non-

interacting π and π* states. In addition, as mentioned above, the hexagonal honeycomb lattice 

structure that consists of two carbon atoms (arranged in hexagonal rings) leads to a unique band 

structure. The first person to calculate the band structure was Wallace in the year 1947. 

Furthermore, this structure is directly amenable to chemical and physical measurements and 

modifications unlike conventional 2D systems that are formed at buried interfaces of the 

semiconductors. Also, the two states of bonding π and anti-bonding π* forms the valence and 

conduction bands, respectively.  In the graphene structure, these two bands touch at six points, 

and the points where they meet are called Dirac or neutrality points. In addition, symmetry 

allows these six points to be reduced to a part, such as K and K‟. These pairs are independent of 

each other.  
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Furthermore, these bands have a linear dispersion and can be seen as two cones that are 

touching each other at a Dirac point (Figure 2.17 c,d). Here, in one point at six corners of the 2D 

hexagonal Brillouin zone, the conduction band valence band touches each other. Avery 

important observation here is that the orthogonal π and π* states do not interact, hence their 

crossing is allowed. Since they touch at the Dirac point, to the graphene has a zero band gap. In 

other words, graphene is referred to as being a zero gap semiconductor. Regarding the Dirac 

point, since the band structure issymmetric, free standing graphene and pure holes and electrons 

are expected to have the same properties.  

E = cђк    (c is the velocity of light)   (1) 

Linear dispersion is reminiscent of the dispersion of light. Since there are two sub-lattices A and 

B in the structure of graphene (Figure 2.17 a, b), this enables the Hamiltonian to define the Dirac 

relativistic equation: 

H = 𝑉𝐹σђк      (2) 

Where, 

𝑉𝐹is the Fermi velocity of graphene 

σ is the spinor-like wave function 

к is the wave vector of the electron 

          However, the wave function spinner-like character of the graphene does not arise from the 

spin but instead from the presence of the two atoms in the unit cell. Therefore, between the A 

and B lattices, a pseudo-spin corresponding to the jumping of the electron can be defined. Hence, 

the energy of a realistic particle is denoted by: 

E =  𝑚2𝑐4 + 𝑝2𝑐2     (3) 

Where, 

m is the particle‟s rest mass 
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c is the velocity 

p is the momentum 

          As mentioned, there is a linear dispersion of electrons in graphene, and the equation for 

this linear dispersion can be denoted as 𝐸𝐺=𝑉𝐹𝑝p. Also, this corresponds to relativistic Dirac 

fermions since the electrons in the graphene behave as zero rest masses. Besides, comparing 2D 

systems with parabolic dispersion having the constant density of states (DOS), the DOS of 

graphene has a linear relationship with respect to energy.  

 

 

 

Figure 2.17: (a) Honeycomb hexagonal structure of graphene having A and B (2 atoms per unit 

cell); (b) 3D band structure of graphene; (c) Graphene dispersion states; (d) Inverted cones 

touching at Dirac point [40]. 

(a) 
(b) 

(c) (d) 
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Figure 2.18: Diagram of the band structure of graphene (left) and the zoomed region on the right 

demonstrates the linear shape of the valance and conduction band which meets at the Dirac point 

(right) [40]. 

2.5.2.5. Thermal and Vibration properties 

 In this twenty-first century, graphene is considered to be a miracle material. This is due 

to graphene having excellent properties at the nanometer scale such as thermal conductivity (к), a 

high current density, ballistic transport, mechanical, electrical conductivity, and optical 

transmittance. In addition, graphene has shown promising results in terms of heating, owed to its 

high thermal conductivity (к) which is approximately 5kW/mK. In other words, the thermal 

conductivity value is so high that it is ten times larger than Cu and Al.  

Graphene‟s superior thermal properties make this material promising for thermal 

management as well as beneficial for all proposed electronic device applications. Furthermore, 

the thermal conductivity (к) of single-layer graphene is mostly due to acoustic phonons 

specifically at room temperature [41]. The the number of layers being reduced and the absence of 

crystal defects, giving the phonons a free path, lead to a high value of к [42]. This is why 

graphene plays a vital role in nano-electronic devices [43]. On the other hand, graphene‟s 
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phonon branches can be divided as in-plane and out-of-plane. For example, in-plane consist of 

LA, TA, LO, and TO and out-plane, flexural modes consist of ZA and ZO. Furthermore, in 2D 

crystals, the acoustic flexural mode (ZA) has a quadratic dispersion in the Dirac point of the 

Brillouin zone.  

Therefore, at zero energy, they exhibit a singularity in the density of states. Also, at finite 

temperatures, as the inter-atomic distance of the crystal increases, thermal fluctuations are 

assumed to give rise to the atomic displacements; therefore, low-dimensional crystals should be 

unstable [44]. The ballistic к of graphene is isotropic [45]. For example, below 20 K, the ZA 

mode is subjected to conduction and above 20 K which TA and LA modes contribute; however 

the ZA mode mainly dominates the thermal conduction. To support this statement, the 

Boltzmann equation clearly proves that the ZA mode is the dominant heat carrier at higher 

temperatures [46].  

Furthermore, there are many reports that show that suspended single-layer graphene 

exhibits a к value that ranges between 600 W/mK to 5000 W/mK [47, 48, 49]. Also, the к of 

graphene on aSiO2 substrate was measured at room temperature. Here, results proved that the к 

value was much higher than copper, at approximately 600 W/mK [50, 51]. As mentioned above, 

the к value highly depends on the number of layers and phonon scattering mechanism. For 

example, when the number of layers ranges between two to ten, the dimensional crossover shows 

bulk-like behavior. Intra-layer coupling of low energy phonons is assigned to this crossover. 

Therefore, the к value drops significantly from 2800 to 1300 W/mK as the number of layers 

increases from two to four. In short, to alter the к value and properties significantly in most 

nano-electronic device applications, graphene will be encased within dielectric materials. This is 

done so that various к values can be applied according to specific applications. For example, 
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when single-layer graphene is encased in SiO2, the к value is compressed and reduced to 160 

W/mK [52].  

However, studies were conducted on the к value of CVD-grown graphene which was 

deposited on a thin membrane of silicon nitride. The к value was found to be 2500 W/mK 

(350K) even after the silicon nitride was coated with a thin layer of gold to ensure better thermal 

contact. [53]. By the method of mechanical exfoliation, suspended monolayer graphene flakes 

produced has a к value of 5000 W/mK when measured using the shift in the Raman G band[ 53]. 

Figure 2.19a below shows the mechanism [53]. On the center of the suspended graphene, a laser 

beam is focused to allow heat to flow consistently from the center of the graphene to the support. 

Here, one assumption is made where compared to the heat conduction in the graphene, the heat 

loss via air is negligible [54]. Therefore, the rise in temperature in the heated graphene results in 

a red-shift of the Raman G band. This is due to the bond softening in the graphene. In short, 

since the peak in the Raman G band (red-shift) linearly depends on the sample temperature at a 

relatively low laser beam power, the к value increases [54]. Referring to Figure 2.19b [54], in the 

function of the excitation power, the frequency of the Raman G band peak is measured (5000 

W/mK).  

 

Figure 2.19: (a) A laser beam, light focused on the center of graphene flake; (b) shift right in 

Raman G peak against change in total dissipated power [54]. 
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2.6. Fabrication of graphene 

       It has been reported that there are several paths in leading to the production of graphene, and 

new methods are proposed and researched to increase the cost efficiency and the quality of the 

final product of samples, mainly. There are two main processes to fabricate graphene: the first 

processes called “tape method” which is a mechanical exfoliation process that uses mechanical 

cleavage to produce graphene sheets from graphite flakes. This process was first reported in 

2004 [40]. On the other hand, the second process is the epitaxial or direct growth of graphene. 

Here, the growth takes place from a substrate that exhibits the same structure.  

2.6.1. Mechanical exfoliation 

          The exfoliation technique is the most common technique for graphene fabrication and this 

method has been around for centuries. Furthermore, Novoselov and Geim et al. [33] were the 

first ones to report that this method is probably one of the simplest techniques to produce 

graphene, even though certain precautions and tips need to be taken into account for achieving 

the actual production of graphene. In addition, the materials involved to fabricate graphene are 

tape, tweezers, natural graphite flakes, Si wafers, and cheap, basic technology. Besides this 

method, several attempts were taken to improve the yield and quality of the exfoliation method. 

For example, the stamping method is a method that uses electrostatic voltage-assisted exfoliation 

and silicon pillars.  

           To control the separation of graphene from bulk crystals, the electrostatic voltage uses 

electrostatic forces and silicon pillars to transfer the flakes of graphene [33]. Here, initial 

material selections are very important as it can appear tricky as different materials might have 

different particular conditions. For example, the high purity and crystalline quality of natural 

graphite must be used. Furthermore, as for the type of tapes, several tapes can be used, from 

basic desk tapes to high technology special tapes. However, Si wafers are the most delicate 
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choice. Furthermore, Jiang and Novoselov et al. [33] showed that, on an oxidized Si wafer 

graphene flakes with appropriate thickness of oxide, by gently pressing or rubbing a freshly 

cleaved graphite crystal, what is observed under a microscope are the single atomic layers. This 

observation is mainly to the effects of thin film interference. 

           In addition, to reduce their thickness to a few layers, graphite flakes are mechanically 

exfoliated in between two sheets of tape. After that, the flakes that are obtained are placed to be 

in touch with the wafer, whereby the graphene and graphite flakes are deposited onto the wafer. 

Figure 2.20 [29] illustrates the process of mechanical exfoliation which is also known as „tape 

method‟. In short, this process simplifies the finding of single graphene sheets. Besides, 

dispersing graphene from a solution is another technique to fabricate graphene. In addition, this 

method sonifies the graphene flakes in a solution before it is being dispersed onto a wafer 

substrate. However, there is a disadvantage to this method where it is very time consuming. This 

is because a longer period of time is required to break down larger flakes into smaller flakes of 

graphite. Also, if smaller flakes are not obtained, then it is very difficult to separate the layers of 

graphite. However, Li and Wang et al. [29] found a way to solve this problem. By intercalating 

the graphite and then dissolving it in a solvent, graphene sheets can be separated.  
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(a) The initial materials were graphite, tape, and SiO2-coated with Si wafer. On the 

left, tape on graphite and SiO2 coated with Si wafer on the right.  

 

(b) To exfoliate the graphene flakes, the tape was repeatedly folded on itself. 

 

(c) The coated tape was then flipped  over and placed in contact with the Si wafer 

(d) At the final stage, blue and grey represents graphene and graphite flakes which 

have been deposited onto the wafer. 

Figure 2.20: Demonstrates the process of mechanical exfoliation or “tape method” [29]. 
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2.6.2. Epitaxial/Direct growth of graphene 

          As mentioned above, a crystal that is formed on top of a crystalline substrate that exhibits 

a similar structure is referred to as epitaxial or direct growth. In addition, currently, this method 

is assumed to have the greatest potential for mass production. Furthermore, Song and Burger et 

al. [55] mentioned that this can be accomplished by utilizing high temperature processes to 

reduce a SiC wafer into graphene, which then leads to the partial “graphitization” of the upper 

layer. However, there are limitations to this technique. For example, controlling the grain size 

and the number of layers is difficult [55]. On the other hand, Charrier et al. [56] was the first one 

to propose this “graphitization” of the SiC wafer. Also, a SiC surface is required to be heated at 

temperatures in the range of 1400 ⁰C. This step is important so that evaporation takes place in 

the Si atoms which then leads to the formation of single layer graphene [56]. In addition, Figure 

2.21 demonstrates the epitaxial or direct growth of graphene on Ni substrates from SiC [56]. 
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(a) Under high temperature processes (1400⁰C), graphene layers are 

deposited on Ni. 

 

(b) PMMA is coated on C/Ni on the left. On the right,PMMA with graphene 

remains after the etching of Ni. 

 

(c) PMMA/C is removed from the solution (left) and deposited on the grid. 

After PMMA being etched in acetone, a single layer of grapheneremains 

on the grid. 

Figure 2.21: Demonstrates the epitaxial or direct growth of graphene on Ni substrates from SiC 

[56]. 

          On the other hand, there are two other potential routes to the growth of graphene, which 

consist of molecular beam epitaxy (MBE) and chemical vapor deposition (CVD). For example, 

CVD is used to grow diamond and CNTs whereas MBE is used to grow hetero structures such as 

GaAs/AlGaAs. Currently, for most of the experiments conducted to produce graphene, 

mechanical exfoliation is the most common and famous method being used. However, 
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researchers are in the need of a reproducible and reliable fabrication graphene method if 

graphene is ever going to be something more than a laboratory curiosity. 

Table 2: A comparison between the properties of SWCNTs, MWCNTs, and Graphene 

respectively [20-49]. 

Properties SWCNTs MWCNTs Graphene 

Tensile Strength 11 to 200 GPa 20 to 30 GPa 130 GPa 

Young‟s modulus 270 GPa to 1 TPa 1 TPa 1 TPa 

Density 1.2 to 1.4 g/𝑐𝑚3 2.6 g/𝑐𝑚3 1 g/𝑐𝑚3 

Thermal 

Conductivity 

1800 to 5800 W/mK 3000 W/mK 4840 to 6000 W/mK 

Electrical 

Conductivity 

>100 S/cm 104 S/cm 1.3x 106 S/cm 

Electric current 

carrying capacity 
109 A/𝑐𝑚2 106 to 2.4 x 109A/𝑐𝑚2 1013  A/𝑐𝑚2 

Specific surface 

area 
1300 𝑚2/g 400 to 500 𝑚2/g 2630 𝑚2/g 

Length Few mm or micrometer 10 micrometers (C-C) 0.142 nm 
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Table 3: Electrical Conductivity (S/cm) of various elements [20-49]. 

Elements Value of Electrical Conductivity (S/cm) 

Silver 6.1 x 105 

Copper 5.9 x 105 

Aluminum 3.7 x 105 

Stainless steel 1.4 x 104 

Graphite 7.3 x 102 

Lead dioxide 1.1 x 102 

Silicon 4.4 x 10−6 

Germanium 1.1 x 10−7 

Gallium Arsenide 10−8 

Diamond 10−13  

PMMA < 10−14  

Aluminum oxide 10−16  

Polystrene < 10−16  

PTFE < 10−18  

 

2.7. 3D composites 

       3D composites refers composites fabricated from woven performs which contain through 

thickness interlacing yarns. In addition, the weaving process of the 3D composite involves the 

insertion of nominally straight weft yarns between the warp yarn layers [57]. For instance, 

parallel to the direction of the weaving process, the warp lies, which is referred to x-axis. Figure 

below shows the surface view of 3D composite having z binder and weft yarns. In 3D waving 

process, in-plane yearns in small portions are woven in a way that they bind together the multiple 

layers of weft and warp yarns. In short, these yarns are known as „z-binders‟. This is due to the 

fact that they are woven through the thickness of the preform, which designated as the z-axis.  
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Figure 2.22: Left: Idealized schematic of a 3D woven preform. 

Right: Surface view of a 3D woven E-glass preform showing z-binder and weft yarns [57]. 

        In 1972, applications of 3D composites were reported and published for the use in aircraft 

brakes system. For instance, AVCO developed the material to replace high temperature 

aluminum alloys which were costly [57]. In addition, in 1983, another 3D woven preforms 

application was applied in aerospace structures such as carbon/carbon composite which was used 

in a scramjet engine. However, a more recent successful application of 3D composites to aero 

structures was the Joint Strike Fighter. The air induct duct panels of this plane was developed by 

Bally Ribbons in collaboration with Northrop-Grumman. With the application of 3D composite, 

the weight was reduced by 80 pounds and costs of the ducts were reduced by $200,000 USD 

[58]. 

 

Figure 2.23: Photograph of the F-35 on its maiden flight. Photo courtesy of Lockheed 

Martin [58]. 
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        3D composites offers a solution to the problems of the delamination resistance 

manufacturing cost of traditional 2D composites [59-60] and at the same time providing the 

ability to produce complex integrated parts as well as good in-plane mechanical properties[61]. 

To further support this statement, Tong et al. [62] mentioned that with the use of 3D composites, 

the impact damage tolerance can be improved, manufacturing cost is lowered, and through-

thickness mechanical properties will increase. The weaving process of 3D composite are highly 

automated and fast, and the woven performs can be consolidated using RTM. Furthermore, it has 

been reported that the in-plane fibers retain much of their ideal stiffness and strength because 

they are non-interlacing [63].  

However, it has also been further reported that there are some localized crimping and distortion 

which decreases the in-plane properties [61]. The application of 3D composites to structural 

components is limited by the lack of understanding due to the influence of the mechanical 

properties of the composites as well as the weaving parameters over the final architecture [64]. 

Today, in aerospace structures, 3D composites have comprised secondary structures such as 

aerodynamic fairings and engine components. In USA, 3D composite methods have been applied 

for military blast protection and fighting vehicles. On the other hand, civilian applications 

include engine parts, protective clothing, engine parts, and sports equipment [64]. 

2.7.1. 3D weaving processes 

          Generally, using most types of commercial weaving looms, 3D woven performs can be 

manufactured. One of the most popular method is the Jacquard loom, mainly because it has the 

ability to control the fiber structure and of their high degree of automation [65, 66]. Grant et al. 

[67] further stated that automation has many benefits such as reduce process inspection, 

manufacturing cost, and increasing quality control. Furthermore, the Jacquard loom machine 

used for the 3D weaving process has many operations such as warping, warp let-off, warp 
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tensioning, shedding, weft insertion, beating, and take up. Figure 2.24 shows the mechanism of 

the 3D weaving process. 

 

Figure 2.24: Mechanism of 3D weaving process [65, 66]. 

 

Figure 2.25: Schematic diagram of conventional weaving process [67]. 
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2.7.2 Distortion in in-plane yarns 

         It has been reported that the primary source of displacement and distortion of the in-plane 

warp and weft yarn is z-binder yarn [68, 69, 70]. Furthermore at the cross over point, the z-

binder distortion which is caused by the tension generates a compressive force between the z-

binder and in-plane yarns. Here, collimation is defined as the compressive forces that results in 

in-plane yarns bunching together, thereby creating resin-rich regions between them and localized 

regions of high fiber content within the yarn columns [68, 69]. However, the collimation effects 

on the mechanical properties of 3D composites have been not determined due to lack of 

information, although it has been reported that resin-rich region may act as sites for crack 

initiation under tensile static loading [71]. Pinching is another effect of compressive force of the 

z-binder in the in-plane yarns of the outer layers of the composite panel. This therefore results in 

crimping, highly localized distortion [72]. For instance, Cox et al. [73] described the mechanism 

of weft and warp crimping. Figure 2.26 shows mechanism of the warp yarn crimping due to the 

insertion of z-binder.  

 

 

Figure 2.26: Schematic of the warp yarn crimping due to the insertion of z-binder yarn [68, 69, 

70]. 
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2.7.3. Tensile properties of 3D composites 

2.7.3.1 Tensile failure 

            It was reported in earlier studies that the tensile strength of 3D composites found that 

their tensile strength is approximately equal or lesser compared to 2D composites by no more 

than 20% [66]. Leong et al. [68] researched on z-binder effects on the failure of 3D composites. 

In addition, in his study, z-binder tension was modified from the baseline design to manufacture 

a composite having a looser z-binder tension configuration. Here, it was reported that the tauter 

z-binder constrained the size of the failure zone and at the same time the looser z-binder tension 

allowed extensive longitudinal splitting which resulted in an increase in the size of the failure 

zone [68].  

Furthermore, the amount of collimation and crimping in the transverse and in all plane yearns 

respectively were also reduced by the looser z-binder yarn, therefore this contributed to a better 

tensile strength composite. In other words, the tensile strength did not reduce by 20% but the 

values were in the range of 0% to 10 % decrease which was much better. On the other hand, 

another observation seen in the carbon fiber 3D composites at strains beyond ultimate tensile 

failure in which the material continued to withstand very low tensile loads was a „pull-out‟ phase 

[70]. To further support this statement, Cox et al. mentioned specifically that waviness of the 

yarns enhanced the frictional resistance.  

           In addition, the pullout of the warp fibers was confirmed by fractography of the broken 

specimen and by the appearance of the fracture surface of the composite as shown in Figure 2.27 

[70]. The pull out phase only takes place for composites that can provide adequate resistance to 

delamination in the direction of through thickness after drop of primary load. Also, this therefore 

would be influenced by the flexural rigidity of the composite material as well as the post failure 
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effective of the z-binder yarns. Besides, Cox et al. further mentioned a very important statement 

that the waviness of the warps yarns can generate an uneven distribution of loads in which highly 

aligned yarns can carry a greater proportion of tensile load [70]. Also, the author studied a good 

combination of materials and suggested that the maximum strength reduction that could be 

achieved by 3D composites mechanism was 10% [70].   

 

Figure 2.27: Image of 3D carbon/epoxy composite after tensile failure, showing pulled out 

carbon yarns [70]. 

2.7.3.2 Compression failure 

            In composites, the resin matrix provides the lateral support; thereby the compression 

behavior does not only rely on the fiber content but also on the resin. Furthermore, in order to 

obtain high compression properties of material, specific parameters are required such as large 

fiber diameter, high matrix Young‟s modulus and yield stress, high degree of fiber alignment, 

and good yarns or stitches impregnation [74].  Furthermore, the warp yarn crimping in 3D 

composites was found to be contained to the yarns closest to the outer surface of the composite 

and removal of the surface layers thus improved the compression strength [75].  
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           Furthermore, Hirokawa et al. [76] conducted a study and found that 3D composites were 

better than 2D composites. This was mainly due to better alignment of the warp yarns as well as 

delamination suppression by the z-binder yarn. In other words, the author was expressing that 

with the increase of z-binder content, the performance of the 3D composites increased [76]. 

Therefore, it has been studied, reported and observed that the mechanics of the compression 

failure of 3D composites is influenced by many factors. Some of them are warp yarn waviness 

and crimping lowers the compression resistance of the yarns, and on the other hand, the z-binder 

yarn can provide large scale of delamination resistance which then delays the global failure [77]. 

2.7.3.3. Short beam shear and bending failure 

             Tarnopolskii et al. [78] reported that for 3D composites, it is difficult to obtain consistent 

shear modulus and stress results due to the complex nature of the strain distributions within the 

textile composites. In addition, the author further mentioned that Iosipescu shear testing method 

was the most appropriate for 3D composites. Furthermore, other researchers further commented 

that the Iosipescu testing method is inappropriate because it involves the introduction of surface 

notches which eventually will cut the z-binder loops [79]. Then, Tarnopolskii further argued 

that 3D composites are notch insensitive and therefore the effects of cutting the z-binder loops 

would be insignificant [78].  

            Another important observation was also made by Tarnopolskii, that the insertion of z-

binder yarns could provide a modest improvement by resisting the shear deformation of the weft 

and warp yarns [78]. Furthermore, a collection of data is presented in figure 2.28 to compare the 

shear strength between 45˚, -45˚ cross ply, 2D composite, and 3D composites. From Figure 

2.28, it indicated that although there was a significant difference in the material properties of the 

composites respectively, but there is a general trend in the shear properties. Therefore, the 
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results indicated very clearly that the 3D composites posses much superior strength compared to 

2D composites but inferior to 45˚ ply laminates.  

 

Figure 2.28: Shear modulus and strength for 2D and 3D composite respectively, compared with 

cross ply laminate [78]. 

          On the other hand, the properties of flexural strength of 3D composites are inferior 

compared to 2D composites [80, 81]. Furthermore, this reduction of flexural properties is due to 

increased misalignment of the tows by the z-binders and crimping [81]. In other words, in 

composites possessing lower compression resistance, the flexural strength is degrades by the 

micro buckling at the compression side [74]. Therefore, the yarn waviness of the 3D composites 

would significantly lower the flexural strength.  
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2.7.4. 3D Stitched composites 

          For this research, Jacquard loom or other weaving loom techniques was not used but 

instead stitching method using high temperature application and high strength threads was 

utilized. Furthermore, stitching the laminates through the thickness direction has proven a 

simple, low cost method for the production of 3D composites. In addition, stitching method 

generally involves the insertion of a fiber thread made up of Kevlar, carbon, or glass fibers 

through a stack of prepreg sheets which is primarily used for this research. Also, in stitched 3D 

composites, the amount of through thickness reinforcement is normally in the range between 1 to 

5 %, in other words, it is similar to the amounts of reinforcement in 3D braided, knitted, and 

woven composites.  

         In order to provide higher impact damage tolerance and delamination resistance compared 

to 2D conventional laminates, stitching method is used to reinforce the composites specifically in 

the z-direction. According to researchers, stitching has been used for joining the stiffeners to 

fuselage panels on fighter planes, and also expected to reduce the cost by 50 %. Finally, 

Hinrichsen et al. further mentioned that stitching has been evaluated for the fabrication of the 

rear pressure bulkhead to the Airbus A380 aircraft 

2.7.5. Drawback of 3D composites 

          There are drawbacks associated with 3D composites where load bearing fibers are 

distorted and damaged during weaving. During the weaving process, fiber damage appears by 

the repeated actions of bending and abrasion of the carbon fiber as the yarns are advanced 

through the weaving loom. Furthermore, as the yarns are in tensile loading and repeatedly pulled 

back and forth over as well as through various other components of the loom, abrasion damage 

occurs between the fibers and the loom. However, the limitations here are that very little research 

work and studies have been conducted to determine the effects of this damage on the mechanical 
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properties of 3D composites. For instance, only in one particular study, it was reported that the 

tensile strength of carbon yarns reduced to 12% due abrasion and bending damage caused by 3D 

waving [66].  

         On the other hand, it is generally true that through stitching or pinning, 3D reinforcements 

have more damage to the in-plane load bearing fibers than 3D weaving [65]. This is due to 

stitching introduces the reinforcement into the preform after it has been woven. Therefore, it is 

confirmed that this distorts the in-plane fibers during stitching. Previously, studies have been 

conducted to compare the tensile properties between a 2D non-woven carbon/epoxy pre-

impregnated and 2D woven carbon/epoxy composite having identical fiber content. Here, it was 

further reported that the stiffness and strength of the 2D woven composite was decreased 

significantly by 40% and 30-50% respectively. This was due to the fiber distortion and damage 

[62,82]. In short, tow waviness and fiber damage are believed to be responsible for the 

reductions to the fatigue, bending, and in-plane compression for 3D composites [62].  
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CHAPTER 3 

EXPERIMENTAL AND METHODS 

3.1. Graphene Flakes 

       Nanoparticles, or the powder form of graphene (200 grams) bottle were purchased from 

Angstron materials, product number N006-010-P, and batch number 06P-030212-05R (Figure). 

The average X and Y dimensions of the graphene platelets are 14μm. The purchased graphene 

used in this study is original without any modifications to the supplier specifications. The 

thickness of the material is approximately 10nm to 20nm. In other words, the graphene 

purchased is without any functionalization or further modification. Furthermore, for most of the 

graphene nanoparticles, approximately 80% have z-dimensions less than 20 nm. Also, the carbon 

and oxygen is around 97% and 1.5% respectively. Figure 3.1 shows the graphene purchased 

from Angstron materials. 

 

 

Figure 3.1: Graphene. 
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3.2. Fume hood 

      Figure 3.2 shows the fume hood where all experiments were conducted in the lab. It is 

important to perform experiments in the fume hood to ensure safety and precautions.  

 
Figure 3.2: Fume hood. 

3.3. Sonicator and Magnetic stir bar 

       The sonicator used in this study was purchased from Fisher Scientific; model FS 200 (Figure 

3.3 (left). The sonication process is used in the mixing of the graphene in the neutralization 

process before pouring the solution into the filter to produce the GTF. Basically, the sonicator is 

used as a secondary mixing process after the primary mixing process by the magnetic stir bar. 

Furthermore, the main purpose for this sonication is to break up larger particles into smaller ones 

and also to ensure the uniform dispersion of the nanoparticles of the graphene. The beaker 

containing the graphene solution is placed in a water bath inside the sonicator. Besides, the 

sonicator can alter the pressure gradient as the sonicator produces ultra-sonic waves of a 

frequency greater than 20,000 hertz. The sonicator has the capability of applying different 

mechanical stresses (using the pressure gradient) on the nanoparticles, which then weakens the 

force of attraction between the nanoparticles of the graphene. By this way, the uniform 

dispersion and break down of particles can be ensured. The sonication mixing process was done 

for about 40 minutes on the solution.  
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     Also, the magnetic bar was purchased from Fisher Scientific Company. The magnetic bar is 

used to ensure that the graphene was dispersed uniformly and to ensure uniform distribution. For 

example, in our research, smaller particles are favored and therefore, to breakdown the larger 

particles into smaller particles, the magnetic bar is used to stir the solution for about 24 to 36 

hours at room temperature. The stirring process is carried between 450rpm to 600 rpm. Figure 

3.3 (right)shows the magnetic bar used for the stirring process. 

 

 

Figure 3.3: Sonicator (left) and magnetic stir bar (right) used for this study. 

3.4. Beaker, Conical, and measuring cylindrical flask 

       For this study, a 1000 ml beaker is used constantly throughout the experimentation.  The 

beaker is mainly used to carry out the neutralization process before the solution was poured onto 

the filter paper. The beaker was purchased from KIMAX @ KIMBLE Co., serial no. 14000 

Y.The 1000 ml conical flask was purchased from PYREX @ VISTA Co., serial no. 70100. The 

conical flask was used to carry out the first stage in the manufacturing of GTF called the 

functionalization process. Also, the measuring cylindrical flask was used to measure the amounts 

of sulphuric acid, nitric acid, and potassium hydroxide that are added into the conical flask for 

the functionalization process. In addition, the cylindrical flask is also used for other purposes, 

specifically to measure the volume required in various experimentations. The 100 ml cylindrical 



57 
 

flask was purchased from KIMAX @ KIMBLE Co. Figure 3.4 shows the beaker, conical, and 

measuring cylindrical flask respectively. 

 

Figure 3.4: (a) A 1000 ml beaker (b) A conical flask (c) Measuring cylinder. 

3.5. Hot plate and weighing scale 

       The hot plate was purchased from Fisher Scientific Company. The stirring process is carried 

out by the hot plate. The hot plate has two rotating devices which consist of temperature and 

stirring control. In other words, the hot plate is used for the mixing process and also to provide 

heat if required. For this study, a high temperature is not required as all experiments are 

conducted at room temperature. On the other hand, the graphene platelets used in this study were 

measured using a weighing scale. The measurements are made in grams. Furthermore, this high 

accuracy weighing scale is utilized in order to obtain precise and specific measurements of 

nanomaterials to the scale of 1/1000𝑡ℎ  of a gram. Figure 3.5shows the high accuracy weighing 

scale which was used for this research, Mettler Toledo XS 64. 
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Figure 3.5: Hot plate (left) and weighing scale (right) used for this study respectively. 

3.6. Sand paper and sander machine 

       In this study, the sanding process is mainly used for preparing the tool for the Vacuum 

Assisted Resin Transfer Molding (VARTM) process. In addition, the sanding process is done to 

smooth the surface uniformly to ensure good adhesion between the tool and the composite. This 

will give the composite substrate a smooth uniform surface and this will lead to accurate results 

when tested. The sand paper was purchased from Norton Co., Champagne Magnum, and the type 

of sandpaper used for this study is P grade B-WTAdalox A275. Another alternative of this 

sandpaper type is P240-GC Original Performance A275. Furthermore, a¼ sheet sander machine 

was purchased from Dewalt Company, code no. D26441K. This machine is mainly used to speed 

up the preparation of the initial step of the tooling process. The sandpaper mentioned above was 

attached at the bottom of the machine. Figure 3.6 shows the sheet sander machine used to 

prepare the VARTM tooling. 

 

Figure 3.6: P grade B-WT Adelox A275 sandpaper (left) and sander machine (right). 
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3.7. Scalpel, forceps, mortar, and oven 

      A scalpel, forceps, and mortar are used in this study. In addition, the scalpel is used to scrape 

off the graphene from the filter paper and also to transfer the graphene onto the weighing scale. 

The forceps are used to peel off the graphene from the filter, and finally the mortar is used to 

grind and break down the larger particles of graphene to smaller particles before being dispersed 

into the solution. Also, an oven was used for this study was purchased from Fisher Scientific. 

The oven could supply a temperature of up to 220⁰C. Samples of GTF are placed inside the oven 

for about 24 to 36 hours before they are peeled off from the filter paper.  

 
Figure 3.7: Mortars, scalpels, and forceps (left) and oven (right). 

3.8. Sulphuric acid, Nitric acid, and Potassium hydroxide 

      A 2.5 L bottle of sulphuric acid, 90.5 to 92.7 % for the Babcock Milk Test was purchased 

from Fisher Scientific, lot no. G46045.  In addition, certain amount of this solution was added 

into the conical flask containing a specific weight of graphene to prepare for the 

functionalization process. Furthermore, a 2.5 L bottle of nitric acid was purchased from Fisher 

Scientific, code no. A-200S-212. Furthermore, a specific amount of nitric acid is measured using 

a measuring cylindrical flask and placed into the conical flask for the GTF production. Also, a 

500 ml bottle of potassium hydroxide 1N solution was purchased from Fisher Scientific, code no. 

SP208-500. Furthermore, this solution is then added into the conical flask after the addition of 
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sulphuric and nitric acid. Figure 3.8 shows the nitric acid, sulphuric acid, and potassium 

hydroxide used for the GTF preparation.  

 

 

Figure 3.8: Nitric acid, sulphuric acid, and potassium hydroxide used for this study 

respectively. 

3.9. pH indicator and filter water 

      A pH indicator is used to monitor whether the solution was acidic or alkaline. The pH 

indicator is mainly used in the neutralization process of the graphene solution as it is important 

for the pH to be around 5 to 6. Therefore, neutralization is done several times to make sure the 

solution is neutral before being poured into a rectangular shaped graphene film oxide filter. Also, 

the water filter was purchased from Thermo Scientific Co. This device filters out all bacteria and 

other chemicals. In addition, for all experiments that are being conducted in the lab, filtered 

water is used to ensure no contamination in the sample preparation. Figure 3.9 show the pH 

indicator strips and filter water used for this study. 
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Figure 3.9: pH indicator strips and filter water.  

3.10. Filter paper 

         Filter paper shapes in circular and rectangular forms are used to filter the GTF. To 

neutralize the graphene after the functionalization process, a circular graphene film oxide filter is 

used. After completing the neutralization process, the graphene solution is poured into a filter 

containing rectangular shaped filter paper. The circular filter paper is placed into a circular 

shaped filter flask. This filter flask is shown in Figure 3.10. The filter flask is attached to a 

cylindrical flask. During the experiment, the cylindrical flask is attached to a vacuum gauge to 

ensure good filtration. Both the filter and the cylindrical flask were purchased from Fisher. 

Figure 3.10b shows both the circular and rectangular filter paper as well as the cylindrical flask 

used for this study, respectively.  

 

Figure 3.10a: A filter flask. 
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Figure 3.10b:  Rectangular and circular filter paper (left) and cylindrical flask (right). 

3.11. Bulk shape filter 

        To filter out the graphene solution, the filter paper mentioned above was placed into a red 

filter having a rectangular shape. Before the solution is poured from the beaker into the filter, a 

low pressure vacuum is supplied for 24 hours to ensure that all the water has been filtered out 

and that the sample is dry. After 24 hours, the filter paper is placed in the oven for 36 to 48 hours 

to dry. Figure 3.11 shows the rectangular shape filter used for this study. 

 

Figure 3.11: Diagram of rectangular shape filter used for the production of GTF. 
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3.12. Unidirectional prepreg carbon fiber 5320 

         Unidirectional prepreg carbon fiber 5320, batch no. 9100013-0001 was used for the layups. 

Furthermore, 12 plies were used where 3D concepts were applied. Figure 3.12 shows the 5320 

carbon fiber prepreg used for this study.  

 
Figure 3.12: 5320 unidirectional carbon fiber prepreg used for this study. 

3.13. Sticky tape and metal/aluminum tooling 

        A reasonable amount of sticky tape was used for the VARTM process. In addition, sticky 

tape was used to stick around the borders of the tooling. Sticky tape is very important to avoid 

any air from being trapped inside the VARTM/wet layup process. Bagging material is placed on 

the VARTM tool on the sticky tape around the borders before the vacuum is 

supplied.Furthermore, a metal/aluminum tooling block was used as a tooling for the layup 

process. Furthermore, before the pre-flight and departure coatings are coated on the surface of 

the tooling, it is appropriate to make a border around the tooling. This is important because 

coatings are only applied on areas where the VARTM process is going to be carried out. 

Therefore, the borders (within the green lines) are made around the tooling surface. Outside the 

borders, coatings are not applied. Figure 3.13 shows the sticky tape and metal tooling 

respectively used for this study. 
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Figure 3.13: Sticky tape (left) and metal tooling (right). 

3.14. Pre-flight and departure solution 

         Pre-flight solution is a solvent and alcohol-free non-hazardous tool surface conditioner that 

is used to prepare the initial part of the tooling procedure of the VARTM process. After the 

entire tooling has been smoothed by sand paper, pre-flight is applied around the tooling surface 

to ensure easier contact between the surface tooling and the material applied by the VARTM 

process. On the other hand, departure solution is a solvent and alcohol-free non-hazardous 

release agent that is applied as a top coating after the application of the pre-flight. Both 

solutionswere purchased from Waterworks Aerospace Release Systems Company. Figure 3.14 

shows the departure releasing agent that was used in this study. 

 

Figure 3.14: Left: Pre-flight conditioner (left) and Departure solution (right). 
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3.15. Unidirectional MTM45-1 carbon fiber prepreg sheets 

         Throughout this study, MTM45-1 unidirectional carbon fiber prepreg material was used. 

Figure 3.15 shows the MTM45-1 unidirectional carbon fiber prepreg material used for this study. 

 

Figure 3.15: MTM45-1 unidirectional carbon fiber prepreg material used for this study. 

3.16. Peel ply and bagging material 

        Peel ply is placed right on top of the last ply. The function of the peel ply is to ensure 

uniform flow of the resin applied on the carbon fibers. Uniform distribution of resin is important 

in the VARTM process. This is because non-uniform distribution of resin could result in poor 

properties of the composites. Also, bagging material was used for the VARTM process. Bagging 

was done to ensure no air is trapped in the VARTM fabrication material when under vacuum 

pressure. Air trapped inside the sample could lead to poor quality of composite and failure of the 

material. Figure 3.16 shows the bagging material used for this study. 
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Figure 3.16: Peel ply (left) and bagging material (right). 

3.17. Water contact angle 

         The optical water contact angle goniometer was purchased from KSV Instruments Limited, 

Model Cam 100. To determine the water contact angle automatically, the software applies a 

formula called the Young-Dupre equation. Furthermore, along with the software interface, the 

goniometer has a built-in webcam feature which has the capability to automatically snap the 

profile of the liquid on the surface of the sample. In addition, the water contact angle is used to 

measure the angle of the surface and gives a good idea about the surface integrity. The water 

contact angle is divided into categories such as super-hydrophilic (θ <50), hydrophilic (θ <900), 

hydrophobic (900< θ<1500), and finally super-hydrophobic (1500 <  𝜃 < 1800).  In addition, 

the higher the surface energy, the lower the water contact angle, and vice versa. For example, a 

high water contact angle value means that the surface is hydrophobic, whereby the surface is 

non-porous and for lower contact angle values, hydrophilic, the surface is porous. Figure 3.17a 

and 3.17b shows the water contact angle, the KSV Cam 100 used for this study and types of 

water contact angle respectively. 
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Figure 3.17 a: KSV Cam 100. 

 

 
Figure 3.17 b: Water contact angle characterization. 

3.18. UV chamber 

        A UV chamber is a chamber that releases radiation that is characterized by short 

wavelengths. These wavelengths result in the breaking down of the polymer chains of the sample 

placed in the chamber. In other words, photo-degradation of the sample coatings takes place. 

Furthermore, the UV chamber produces a spectrum and has an arrangement of UVA-340 lamps. 

The UV chamber is also known as a QUV Accelerated Weathering Tester. The UV chamber 

used for this study was purchased from Q-panel Co. Figure 3.18 shows the UV chamber. 
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Figure 3.18: The UV chamber.  
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METHODS 

3.19. Fabrication of GTF 

3.19.1. Functionalization 

            First, using an accurate weighing scale, specific amount of graphene flakes are weighed 

and placed in a conical flask (Step 1). Secondly, using a measuring cylinder, chemical 

compounds such as sulphuric acid, nitric acid, and potassium hydroxide were added into the 

conical flask containing the graphene flakes (Step 2). For instance, specific amount of sulphuric 

acid was first added, followed by the addition of nitric acid and finally potassium hydroxide into 

the flask (Step 3). All measurements for the acids were in milliliters. Then, a magnetic stir bar 

was added into the solution in order to stir the mixture thoroughly. Immediately, the flask was 

then placed on top of a stir plate and a cover lid was placed on top of the flask to avoid 

evaporation of the fumes. Here, the mixture was then stirred between 450 rpm to 650 rpm at 

room temperature for specific amount of hours (Step 4). Precautions were taken where all 

experimentations were conducted in a fume hood as acid compounds are hazardous. Figure 

3.19.1 describes the steps involved in functionalizing the graphene.  
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Step 1                                                                Step 2                               

 

 

            Step 3 

 

 

 

        Step 4     

  

 

 

Figure 3.19.1: Functionalization process from step 1 to step 4. 

3.19.2. Filtration 

           After functionalization, the solution will be very acidic. Therefore, it is important to 

neutralize the solution to reduce the acidity before it is being filtered into a desired shape (Figure 

3.19.2). First, filtration process was carried out. Here, a high quality filter paper was cut and 

placed into the funnel. In other words, a high quality filter paper means that a thicker filter paper 

was used to avoid any leakage during the filtration process as the solution was too acidic. This 

step was important to avoid loss of graphene flakes and mainly leakage.  

           Before solution was filtered, magnetic stir bar was removed from the flask. Now, solution 

is poured into the funnel that contains the filter paper. The funnel containing filter paper is fixed 
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into a large cylindrical flask connected to a vacuum source. Here, filtration process was carried 

under the influence of high pressure vacuum (Step 1). This was done to separate the acidic 

solution from the graphene flakes.  After that, vacuum source was switched off and the filter 

paper was removed from the funnel (Step 2). Here, using a clean spatula or by hand, graphene 

flakes were scrapped and removed carefully from the filter paper (Step 3). Finally, the graphene 

flakes were thentransferred into a beaker containing filtered water approximately 850mL (Step 

4). Filtered water was mainly used for all experimentations to avoid any contaminations to the 

solution. Figure 3.19.2 shows the filtration process from step 1 to 4 respectively.  

                                                             

 

 

 

                                                                            

Figure 3.19.2: Illustration of filtration process from step 1 to 4 respectively. 

 

 

Step 1 Step 2 

Step 3 

Step 4 
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3.19.3. Neutralization 

            After filtration, the solution is ready to be stirred between 450 rpm to 650 rpm at room 

temperature for 40 minutes. This process is called neutralization (Step 4 in section 3.19.2). 

Furthermore, after 40 minutes, the solution in the beaker was filtered the same way as before and 

graphene flakes were removed and placed into another beaker containing filtered water. This 

process was repeated 6 to 8 times in order to neutralize solution and bring the pH value up to 7 

(Step 4 in section 3.19.2). Once the desired pH value is obtained, allow the solution to stir 

overnight. This was done to enable well dispersion of graphene flakes as well as to break down 

larger graphene flakes. 

           Last but not least, the solution was then poured into a large scale rectangular shape filter 

attached to the cylindrical flask under the influence of very low vacuum pressure (Figure 

3.19.3b). Before the solution was filtered, the filter paper was cut to have dimensions of 10 

inches (length) by 8 inches (width) and placed into the large scale filter. In addition, high 

pressure vacuum would cause the filter paper to wrinkle up and would cause the filter paper to 

bend (Figure 3.19.3 a). Therefore, to avoid this issue, the filter paper was wet first with filtered 

water and then placed into the filter underthe influence of low vacuum pressure. This way, 

wrinkles and slight bending on the filter paper can be avoided. Allow this process to occur for 

approximately 8 to 12 hours before the filter paper is removed.  

           Furthermore, once the filter paper is dried and removed from the filter, a uniform stainless 

steel roller is used to roll on the filter paper. This process was done to ensure thegraphene flakes 

were uniformly distributed throughout the surface area (Figure 3.19.3 c). Here, precautions 

should be taken into considerations. For instance, rolling the filter paper gently and softly would 

not crack the graphene flakes. If there is a crack, the GTF would not be useful because electrical 

conductivity measurements would be very low and inaccurate. After rolling, the filter paper is 
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placed in an oven and heated for 12 hours at 80C. After that, roll on the filter paper once again 

and finally GTF is peeled out from the filter paper (Figure 3.19.3 d).  

 

 

Figure 3.19.3 a: Diagram of a filter paper being used (wet before) for this study. 

 

Figure 3.19.3 b: Graphene solution poured into a large scale filter. 

 

Figure 3.19.3 c: GTF under low vacuum pressure (left); GTF filter paper removed from filter 

(middle) and a roller used to roll over the GTF (right). 
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Figure 3.19.3 d: Illustration of GTF peeled from the filter paper. 

3.20. Electrical Conductivity Measurements 

         In this section, measurements of electrical conductivity will be discussed. Bashir et al. [67] 

introduced two types of electrical conductivity measurements, which consist of two point and 

four point probe conductivity measurements, where a four point probe measuring method 

aforementioned yields more experimental error than the contact resistance of probe on 

calculation. For this research, four point probe conductivity method was used to determine the 

electrical conductivity of the highly conductive GTF. The setup is shown in figure where the 

testing sample is connected with a DC supply which eventually generates constant current (I). In 

addition, a voltage meter is defined as the electrical potential drops (𝑉) on the sample with 

distance (𝐿)(cm). Furthermore, Area, A is the cross section of the sample, in this case, the GTF 

and ρ is the resistivity. The units for the electrical conductivity, σ, is in Siemens (S) /cm and 

constant units were used throughout this research. Therefore, electrical conductivity, σ was 

calculated from: 

                                                            ρ=
𝑉

𝐼

𝐴

𝐿
                         (4) 

                                                           σ = 
1

𝜌
              (5) 

                                                           σ =
𝐼

𝑉
. 
𝐿

𝐴
                                               (6) 
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From the above equations, the electrical conductivity, σ of the sample can be calculated as the 

inverse of resistivity, ρ. Figure 3.20 illustrates a diagram of four-point probe electrical 

conductivity measurement used for this study.  

 

Figure 3.20: Diagram of four-point probe electrical conductivity measurement. 

3.21. Surface Characterization 

3.21.1. Water Contact Angle (WCA) measurement 

            The theory of water contact angle, θ, was defined by Thomas Young in 1805. In addition, 

Young defined this theory by analyzing the three forces acting on a surface of water droplet 

surrounded by air. Referring to Figure(3.21.1a), Young‟s stated that the process of the water 

droplet standing on a surface at which on the solid surface, the droplets stays and orients through 

air with a contact angle, θ. Furthermore, associated with the contact angle, Young‟s equation 

expresses the equilibrium between the three interfacial energies [82, 83]:  

 

Figure 3.21.1a: Schematic representation of water contact angle on a solid surface [82, 83]. 
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𝛾𝑆𝐺= 𝛾𝑆𝐿 + 𝛾𝐿𝐺cosθ                                                            (7) 

Where,  

𝛾𝑆𝐺  is the interfacial tension between solid and gas 

𝛾𝑆𝐿 is the interfacial tension between solid and liquid 

𝛾𝐿𝐺  is the interfacial tension between liquid and gas  

           On the other hand, Wenzel experimented that when the liquid is in intimate contact with a 

micro structured surface, θ will change with respect to Wenzel contact angle, 𝜃𝑤*[82, 83]: 

                                                            𝑐𝑜𝑠𝜃𝑤 ∗=  𝑟𝑐𝑜𝑠𝜃                                                                    (8) 

Where, 

r is the ratio of the actual area to the projected area 

          Furthermore, Wenzel‟s equation describes the importance of surface microstrucutre and its 

role on the hydrophilicity and hydrophobicity of the surfaces. For instance, hydrophilic surface 

becomes more hydrophilic , where the new water contact angle measurement of the hydrophilic 

surface becomes less compared to the original value. Conversely, if the surface microstrucutres 

changes, either rougher or more viods, then the hydorphobic surface becomes more hydrophobic, 

in other words, the new measured water contact angle becomes greater than the orignal value. In 

addition, according to Baxter and Cassie, θ will change to 𝜃𝐶𝐵
*
 provided if the liquid is 

suspended on top of highyl propos microstructures [82, 83]: 

             cos𝜃𝐶𝐵
*
 = φ (cosθ+1) – 1                                                      (9) 

Where, 

φ is the fraction area of the solid which interacts with the water droplet. 

          In addition, Baxter-Cassie state with Wenzel state, it was proven that the water droplet is 

more mobile than the other. In addition, Baxter-Cassie state is when the water droplet rests on 

top of the asperities. On the other hand, Wenzel state is a state when the surface characterization 



77 
 

of the solid is rough and thereby causing the water droplet to be in intimate contact with the solid 

asperities. Figure 3.21.1b shows a droplet resting on the solid surface as well as its Baxter-Cassie 

and Wenzel state respectively [82 ,83]. 

 

 

Figure 3.21.1b : Diagram of water droplet on a solid surface (left), and its Wenzel and Cassie-

Baxter [82, 83]. 

           Last but not least, the water contact angle of the GTF was measured before and after the 

effect of UV tests. Also, the objective for measuring the contact angles before and after the tests 

was to check for deterioration of the surface properties. As mentioned in chapter 2, the water 

contact angle was measured using KSV CAM 100 optical contact angle goniometer. 

3.22. UV degradation test 

         As mentioned earlier in chapter 2, using QUV Accelerated Weathering tester, UV was 

exposed on the samples. Furthermore, the samples were placed in the UV chamber for a total of 

25 days. However, the surface morphology of the samples were removed and tested in intervals 

of 5 days. For instance, samples were characterized for change in surface properties after 0, 5, 

10, 15, 20, and 25 days. Figure 3.22 shows a sample portion of a GTF placed in a petri dish 

being loaded into the UV chamber with the aid of a double sided sealant tape, prior to the UV 

test.  
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Figure 3.22: UV test. 

3.23. Thermal Conductivity Measurements 

         Setup is shown in Figure 3.23a. Two copper (Cu) conducting plates were mounted on a 

polycarbonate base. Four thermocouples were mounted on the Cu plates to measure the 

temperatures at 4 points along the path of heat transfer. One end of the Copper plate was gripped 

in a platen press tightly. This plate transfers the heat to the sample and this sample in turn heats 

another copper plate which was treated as a heat sink loosing heat at a steady rate. Four K-type 

thermocouples connected to 2 data logger measures the temperatures. Once the steady state was 

reached which took about 30 min to 40 min at which point temperatures in the data logger 

measured to be steady or the variation in 5 min intervals is zero. Figure 3.23a shows an 

experimental setup to measure thermal conductivity of thin samples. 

GTF in a Petri 

dish 
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Figure 3.23a: Experimental setup to measure thermal conductivity across thin sections. 

 

 

 

 

 

 

Figure 3.23b: Schematic diagram of the experimental setup for measuring thermal conductivity. 
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3.24. Manufacture of carbon fiber panel 

         As mentioned earlier in chapter 2, prepreg unidirectional carbon fiber, type MTM45-1, was 

used for this research. Furthermore, to manufacture the carbon fiber reinforced composite panel, 

autoclave curing technique and prepreg layup was used. In addition, a prepreg sheet (commonly 

known as plies) consist of fiber reinforcement and pre-combined resin which is the matrix. The 

prepreg sheet is a material that is ready to use in the manufacturing process. There are several 

steps that needed to be taken into consideration before the layups were laid onto a flat aluminum 

or metal plate (tooling), which acts as a mould. These steps will be discussed in the upcoming 

segments. In addition, for this research, a total of 6 prepreg plies were used initially and were 

laid over each other to obtain a thicker composite panel. However, before the composite panel 

was cured in the autoclave, several other materials must be added during the assembly of the 

composite panel. Figure 3.24 illustrates the diagram of the prepreg layup along with the 

additional material in order of their arrangement. 

 

Figure 3.24 : Prepreg layup process used in this study [1] 
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3.24.1. Pre-flight and Departure coating 

           Before the prepreg sheets were laid on top of the tooling, the first step taken was to use a 

sand machine as discussed in chapter 2 to clean, smoothen, and ensure a uniform surface of the 

tool. Then, pre-flight and departure solution was coated on the surface. This was done to ensure 

the surface of the tool was smooth and uniform and also to ensure that the composite can be 

removed from the tool easily without damaging the bottom surface of the composite panel after 

cure. If this step was not taken, then the composite panel would stick on the surface of the 

tooling and will result in a poor surface smoothness of the composite panel.Pre-flight solution 

was first coated followed by departure solution on the tooling surface.  

- Pre-light coating 

Step 1: Firstly, wet the applicator cloth with the coating solution and apply a thin coat at 

the desired tool surface. Here, do not wipe off the first coat.  

Step 2: Secondly, allow a minimum of 15 minutes cure time before applying the 

secondcoat. 

Step 3: Thirdly, wet the applicator cloth with the coating solution and apply a thin coat to 

tool surface and immediately wipe off with a dry cloth. Step 4: Repeat Steps 2 and 3 for 

the third and fourth coats. Here, coatings are only applied to the desired surface where the 

prepregs are going to be placed.  

Step 5: After applying the fourth coat, heat-cure tool at a minimum of 180
o
 F (83

o
 C) for 

15 minutes. 

Step 6: Remove tool from heat source and allow cooling to room temperature before 

applying departure coating. 

- Departure coating 

Step 1: Apply a light coat of the solution to the prepared tool surface. 
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Step 2: Apply using an approved wipe cloth  

Step 3: Wait for 1 minute, and then use a clean dry cloth to buff off. 

Step 4: Allow a minimum of 15 minutes cure before application of second coat. 

Step 5: Repeat steps 1 through 3 for second coat. 

Step 6: After second coat, allow 30 minutes cure time before using tool. 

After tooling, now a release film is placed on top of the tooling surface and on top of the release 

film, prepreg sheets were laid on top of each other. This was done so that the composite panel 

can be easily removed from the tool after autoclave curing. After that, to absorb excess resin and 

to enable the escape of excess voids or air, bleeder and breather ply respectively were placed on 

top of the release film. In addition, to ensure good bonding between the layers of the prepregs, a 

peel ply was used. Finally, the entire tool was then covered with a vacuum bag, connected to a 

vacuum port and at the same time the tool was placed in autoclave oven for curing. The 

autoclave ensures removal of excess air and consolidates the composite panel. Furthermore, the 

composite panel has a dimension of 7” (width) x 10” (length).  

 

Figure 3.24.1: Tool prepared after the application of pre flight and departure solution. 
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Figure3.24.2: 6 prepreg sheets bagged and ready to be cured. 

3.25. GTF incorporated in carbon fiber composite panel 

         As discussed in section 3.5, the same procedure wascarried out but some changes were 

made here. First, carbon fiber prepreg sheets were stacked up to 5 plies and before placing the 

last sheet, the GTF was placed on top of the fifth ply. After that, the last ply which was the sixth 

ply was placed on top of the GTF.A roller was used to roll each sheet just to make sure that each 

prepreg sheet was uniformly distributed. Now the composite is ready to be cured in the autoclave 

oven.Similarly, the same procedure was done but this time using 12 plies of 5320 unidirectional 

prepreg sheets. Figure 3.25.1a and b shows the GTF incorporated into the carbon fiber composite 

panel and closer view of GTF embedded into the panel respectively.  
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Figure 3.25.1 a: Diagram of GTF incorporated into the carbon fiber composite panel. 

 

Figure 3.25.1 b: Diagram of closer view of GTF embedded into the panel. 

 

 

 

 

 

GTF incorporated 

into the carbon fiber 

prepreg sheets. 

GTF 

Prepreg sheets 



85 
 

3.26. GTF with drilled holes incorporated in carbon fiber composite panel 

         Another study was done where holes were drilled on the GTF and then incorporated into 

the carbon fiber composite panel. The method done here was exactly the same as discussed 

before. Furthermore, this method of drilling holes on the GTF was done because there was a poor 

bonding between the top sheet and the GTF. For instance, after curing, the top ply (sixth) was not 

in proper contact with the rest of the plies. This is mainly because the GTF is a different material 

compared to the rest of the sheets. In addition, the resin was not flowing between the fifth sheet 

through the thin film and finally to the sixth sheet. Due to this delamination, thereby holes were 

drilled on the GTF so that resin could flow through the holes and therefore reducing the 

delamination factor. However, there was a slight improvement but still the composite was not 

bonded well with the incorporated GTF. In the next segment, 3D stitching method will be 

discussed where the issue of the delamination was solved. Figure 3.26 shows the GTF with 

drilled holes.  

 

Figure 3.26 a: Illustration of GTF with drilled holes. 
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Figure 3.26 b: Delamination (top ply) of the composite panel incorporated with the GTF. 

3.27. 3D composites 

         For this research, 3D composite stitching method was primarily utilized. Figure 3.27a, b, 

and c showthe front and back view of 3D stitched composite panel before cure respectively.  

 

Figure 3.27 a: Front view of 3D stitched composite sample before cure. 
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Figure 3.27 b: Back view of 3D stitched composite sample before cure. 

 

Figure 3.27 c: Front view of 3D stitched composite sample after cure. 

3.27.1. 3D composite samples using MTM45-1 carbon fiber 

            Furthermore, a total of four samples without the incorporation of GTF were initially 

stitched approximately using different stitch length, thickness, and distance between each stitch 

respectively. In addition, these four samples were mechanically tested and compared with 

baseline (B) (without stitches). For stitch configuration 1 (SC1), thread thickness, t = 0.008 in 
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were used. Also, the stitch length was 2.0, distance between thread to thread was 0.2 in, and the 

tension of thread was 6.4. Figure 3.27.1a shows the configuration of stitch 1. For stitch 

configuration 2 (SC2), the stitch length was 6.0, distance between thread to thread was 0.75 in, 

and tension of thread was 4.6. Figure 3.27.1b shows the configuration for stitch 2. For stitch 

configuration 3 (SC3), the stitch length was 2.0, distance between thread to thread was 0.2 in, 

and tension of thread was 6.4. Figure 3.27.1c shows the configuration for stitch 3. Finally, for 

stitch configuration 4 (SC4), the stitch length was 6.0, distance between thread to thread was 0.2 

in, and tension of thread was 4.6. Figure 3.27.1d shows the configuration for stitch 4. 

Furthermore, for SC2, 3, and 4 respectively, a thinnerthread was used where the thickness of the 

thread was approximately 0.003in. 

 

 

Figure 3.27.1a:  Diagram of configuration of stitch 1. 
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Figure 3.27.1b: Diagram of configuration of stitch 2. 

 

 

Figure 3.27.1c: Diagram of configuration of stitch 3. 
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Figure 3.37.1d: Diagram of configuration of stitch 4. 

3.28. Mechanical testing 

3.28.1. Tensile testing 

            Tensile testing was performed based on ASTMD-3039 standards. Furthermore, sample 

coupons were machined and grinded to achieve a dimension of 1in (width) and 8in (length). For 

each sample respectively, 3 sample coupons were tested and the average values of the strength 

were compared to the strength of the baseline.  

3.28.2. Compression testing 

            Compression testing was performed based on ASTMD-6641 standards. In addition, 

sample coupons were machined and grinded to achieve an accurate dimension of 0.5in (width) 

and 5.5in (length). Here, for each sample respectively, 3 sample coupons were tested and the 

average values of the compressive strength were compared to the strength of the baseline. 

 

Stitch 

length 6.0 

Thread to thread distance 0.2 
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CHAPTER 4 

RESULTS & DISCUSSIONS 

4.1. Electrical conductivity 

4.1.1. GTF 

          The electrical conductivity of the GTF was calculated by a four point probe method that 

was mentioned in chapter 3. In addition, Table 4 shows the electrical conductivity measurements 

for the GTF.  

Table 4: Electrical conductivity measurements of GTF. 

 
Current, 

I/A 

Voltage, 

V 

thickness, 

t  (in) 

width, 

w(in) 

length, 

l(in) 

Area, 

A(in
2
) Resistivity(ohm,Ω.in) σ ( S/in) σ (S/cm) 

0.1 0.032 0.0055 1.7 1 0.00935 0.002992 334.2245989 131.5845 

0.1 0.027 0.004 1.7 1 0.0068 0.001836 544.6623094 214.434 

0.1 0.017 0.003 1.7 1 0.0051 0.000867 1153.402537 454.0955 

0.1 0.0165 0.0025 1.7 1 0.00425 0.00070125 1426.024955 561.4271 

0.1 0.016 0.002 1.7 1 0.0034 0.000544 1838.235294 723.7147 

0.1 0.0155 0.0012 1.7 1 0.00204 0.0003162 3162.555345 1245.101 

0.1 0.015 0.001 1.7 1 0.0017 0.000255 3921.568627 1543.925 

0.1 0.0146 0.0009 1.7 1 0.00153 0.00022338 4476.676515 1762.471 

0.1 0.0143 0.0009 1.7 1 0.00153 0.00021879 4570.592806 1799.446 
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Figure 4.1.1: Graph of electrical conductivity σ, S/cm against thickness, t/in of the GTF. 

         Referring to Table 4 and Figure 4.1.1, the highest electrical conductivity achieved by GTF 

was approximately 1799.446 S/cm. This result indicated that the GTF is highly conductive. 

Furthermore, several measurements with different thickness of the GTF were recorded (Table 4). 

In addition, the observation seen here was that as the thickness decreased, the electrical 

conductivity increased (Figure 4.1.1) (from right to left). For example, from 0.0055 in to 0.0009 

in, there was a significant increase in the electrical conductivity from 131.5845 S/cm to 1799.446 

S/cm. Initially, when the GTF was peeled off from the filter paper, the graphene flakes 

nanoparticles were not uniformly distributed throughout the surface area.  

         Also, the nanoparticles were not closely packed to each other since the distribution was 

random. As mentioned in chapter 3, a roller was used to roll the thin film. By rolling, the 

nanoparticles are uniformly distributed and in full contact with the surface area. In other words, 
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as rolling is done, the nanoparticles become closely packed to each other, therefore stronger 

bonds are formed. Here, the nanoparticles gain heat energy and therefore by their nature of 

having zero energy gap structure, the nanoparticles tend to transfer more and more in the 

conduction band just by receiving very less heat energy.  

4.1.2. GTF with holes 

         The electrical conductivity of the GTF with drilled holes was also measured using the same 

method as discussed in the previous section. Here, the highest electrical conductivity achieved 

was approximately 1364 S/cm. There was a significant drop in the electrical conductivity 

compared to the GTF without holes. There are many reasons to this. First, as can be seen in 

Figure 3.26a, the holes were drilled in a random pattern. For instance, holes were scattered 

around randomly without any specific dimensions. In other words, hole to hole, there was no 

symmetric dimension.  

        Therefore, the transverse flow of current between each hole was not uniform. When the 

electrical conductivity measurements were taken from one point to another, the transverse flow 

of current varied. For example, some holes were near to each other and some were not in equal 

distance. Also, another observation seen was that the bigger the size of the drilled hole, the lower 

the electrical conductivity. On the other hand, to confirm this observation, another GTF sample 

was drilled with smaller holes but this time equal dimensions were used where each hole row and 

column were equal in distance. Here, the electrical conductivity increased slightly from 1364 

S/cm to approximately 1450 S/cm. Furthermore, it was expected that the holes would yield a 

lower electrical conductivity because the GTF structure is being distorted. However, while being 

distorted, the GTF was still conductive. In short, it can be concluded that the smaller the drilled 

holes, having equal dimensions, is much better than larger drilled holes.  
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4.1.3. GTF incorporated into the carbon fiber reinforced composite 

          GTF was incorporated into the carbon fiber sheets. There was a delamination observed 

between the carbon fiber sheets and the GTF. On the other hand, another method was acarried 

out where holes were drilled on the GTF, and then incorporated into the composite panel. Here a 

comparative study was done where the measurements of the electrical conductivity of the GTF 

with and without the holes was recorded before and after being incorporated into the carbon fiber 

reinforced composites.  

         Here, the goal was to make sure that the electrical conductivity of the thin film does not 

change after it is being incorporated into the composite. Therefore, specific steps were taken. For 

instance, the same steps were taken as before but this time before the sixth ply was placed on top 

of the GTF, a bagging material was placed partially at each side of the composite panel. Then, 

the top ply was placed on top and the composite was cured into the autoclave. The reason for the 

bagging material was to remove the top ply partially at each sides and a four point probe method 

was used to measure the electrical conductivity of the incorporated GTF from one end to the 

other. Figure 4.1.3a shows the bagging material at each side of the composite panel. Here, 

electrical conductivity measurements were made and it was observed that the electrical 

conductivity did not change.  

          In short, before and after the incorporation of the thin film, the electrical conductivity 

remained the same. This observation clearly indicated that the GTF can be incorporated into the 

composite while maintaining its high electrical conductivity. Referring to Figure 4.1.3b, another 

important observation made was that the structure of the thin film was not distorted. There were 

no sign of cracks. In other words, when there is a crack, the electrical conductivity decreases. 

One of the limitations for the GTF is that it is very fragile. Therefore, this specific experiment 

was conducted to make sure that the electrical conductivity remains the same.  



95 
 

GTF 

 

 

Figure 4.1.3a: Bagging material at each side of composite panel (left) and image of undamaged 

GTF after the removal of top ply (right). 

 

Figure 4.1.3b: Bagging material at each side of composite panel (left) and image of undamaged 

GTF with holes after the removal of top ply (right). 
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4.2. Contact angle measurements 

       Table 5 shows the variation in the contact angles of the GTF as a result of UV exposure. The 

contact angles were recorded in intervals of 5 days. Figure 4.2 shows a graph of contact angle 

values against exposure time (days) with respect to UV exposure. Furthermore, the contact 

angles were recorded after 0, 5, 10, 15, and 25 days. Here, 4 separate samples of thin film with 

different thickness respectively were exposed to UV. It was observed that the contact angle of 

the GTF was averaged to approximately 50˚. Overall, the contact angles were consistent 

throughout 25 days. 

Table 5: Variation of contact angle measurements for 4 separate GTF samples having different 

thickness respectively. 

Sample 0 days 5 days 10 days 15 days 20 days 25 days 

1 50.8 50.75 50.64 50.57 50.17 50.03 

2 43.77 43.69 43.63 43.55 43.19 43.17 

3 54.63 54.6 54.15 54.14 54.12 54.12 

4 53.83 53.64 53.47 53.2 53.17 53.11 

Average 50.7575 50.67 50.4725 50.365 50.1625 50.1075 
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Figure 4.2: Graph of contact angle values against exposure time (days) with respect to UV 

exposure. 

       Referring to table 5, it can be seen that for sample 1, the contact angle at 0 days was 50.8˚ 

and at 25 days was 50.03˚. Furthermore, for sample 2, at 0 and 25 days, the contact angle is 

43.77˚ and 43.17˚ respectively. Also, for sample 3, at 0 and 25 days, the contact angle value was 

measured to be 54.63˚ and 54.12˚ respectively. Finally, at 0 and 25 days, contact angles were 

observed to be at 53.83˚ and 53.11˚ respectively for sample 4.  

       In addition, another observation can be seen specifically for sample 2 where the thickness of 

the thin film was slightly thicker compared the sample 1, 2, and 4. Therefore, the contact angle 

values for sample 2 were different from the others. However, there were no significant change in 

the contact angle values for all samples but instead there was a consistent trend of readings 

throughout the intervals of exposure time. Referring to Figure 4.2, therefore, it can be concluded 

the thin film had a good resistance against UV degradation and did not degrade over 25 days.  
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Figure 4.2.1 shows the surface characterization of the thin film sample 1 under the exposure of 

UV at intervals of 0, 5, 10, 15, 20, and 25 days. 

 

0 days 

 

5 days 

 

10 days 

 

15 days 

 

20 days 

 

25 days 

Figure 4.2.1: Surface characterization of the thin film sample 1 under the exposure of UV at 

intervals of 0, 5, 10, 15, 20, and 25 days. 
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Figure 4.2.2 shows surface characterization of thin film sample 2 under the exposure of UV at 

intervals of 0, 5, 10, 15, 20, and 25 days. 
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Figure 4.2.2: Surface characterization of thin film sample 2 under the exposure of UV at 

intervals of 0, 5, 10, 15, 20, and 25 days. 
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Figure 4.2.3 shows surface characterization of thin film sample 3 under the exposure of UV at 

intervals of 0, 5, 10, 15, 20, and 25 days.    
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Figure 4.2.3: Surface characterization of thin film sample 3 under the exposure of UV at 

intervals of 0, 5, 10, 15, 20, and 25 days. 
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Figure 4.2.4 shows surface characterization of thin film sample 4 under the exposure of UV at 

intervals of 0, 5, 10, 15, 20, and 25 days. 
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Figure 4.2.4: Surface characterization of thin film sample 4 under the exposure of UV at 

intervals of 0, 5, 10, 15, 20, and 25 days. 
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4.3. Thermal conductivity of GTF 

       Table 6 and Figure 4.3 respectively show the temperature variations and a plot of 

temperature against time of GTF respectively. 

Table 6: Temperature variation for GTF. 

Time Temperature ∆T/∆t 

Sec ᵒF ᵒF/Sec 

0 100.6   

42 99.5 2.37 

60 98.9 1.65 

120 97.2 0.81 

180 95.8 0.53 

240 94.4 0.39 

300 93.4 0.31 

360 92.4 0.26 

420 91.6 0.22 

480 90.8 0.19 

540 90.1 0.17 

600 89.4 0.15 

660 88.7 0.13 

720 88 0.12 

780 87.3 0.11 

840 87.8 0.10 

900 87.5 0.10 

960 87.2 0.09 

1020 86.9 0.09 

1080 86.6 0.08 

1140 86.4 0.08 

1200 86.2 0.07 

1260 86 0.07 

1320 85.8 0.07 

1380 85.6 0.06 

1440 85.5 0.06 
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Figure 4.3: Graph of Temperature (˚F) against Time (Sec) for GTF. 

       The thickness was very less compared to the length of the sample and the thermal 

conductivity was in the direction of the length of the sample. Experimental setup in Figure 3.23a 

was well insulated using a fiber glass cloth around in which a breather cloth was wrapped to 

prevent heat loss. Furthermore, Table 6 shows the loss of heat measured for Cu to measure the 

heat supplied to the setup is shown. To calculate the thermal conductivity, к, the following 

formula was used: 

к𝐺𝑇𝐹 = к𝐶𝑢 ×
𝛥𝑇2

𝛥𝑇1
×  
𝐴2

𝐴1
 ×  

𝛥𝐿1

𝛥𝐿2
 

Where,  

к𝐺𝑇𝐹= Thermal conductivity of GTF 

к𝐶𝑢= Thermal conductivity of Cu = 400 W /m K 

ΔT2  = Temperature gradient across two measurement points in Cu = 0.9 °F 

y = 9E-06x2 - 0.021x + 99.79
R² = 0.989
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ΔT1= Temperature gradient across two measurement points in Al = 1 °F 

ΔL2= Distance between two measuring points in Cu = 4.03 in 

ΔL1= Distance between two measuring points in graphene = 1.3 in 

Cross sectional Area of Cu = Width X Thickness = 2.53 X 0.039 = 0.10057 in
2
 

Cross sectional Area of graphene = Width X Thickness = 2.5 X 0.010 = 0.025 in
2
 

                                                       = 424.7 W / m K 

       In conclusion, the thermal conductivity of GTF was observed to be low. In general, graphene 

has a very high thermal conductivity approximately 5300 W/mK. Furthermore, the reason for 

this reduction is because the GTF consist of chemically functionalized graphene. After 

functionalization, properties of graphene had changed significantly compared to pristine 

graphene.  Also, there could be air gaps between the layers of graphene. Since functionalized 

graphene has lower properties compared to pristine graphene, therefore it was rather obvious that 

the thermal conductivity of GTF would be lower. Therefore, the heat flow between the graphene 

layers was observed to be low.  

4.4. Scanning Electron microscope (SEM) 

       Figure 4.4 shows the cross section of the strip samples that were observed under the SEM. 

Here, the samples were machined and grinded well to ensure clear images.  

 

Figure 4.4: Cross section of the samples that were observed under the SEM. 

 

 



105 
 

4.4.1. GTF with drilled holes 

 

Figure 4.4.1: SEM images of Resin Bridge flowing through the drilled holes on GTF. 
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4.4.2. 3D stitching without incorporation of GTF 

 

Figure 4.4.2a: SEM image of 3D stitching through 6 carbon fiber sheets. 

 

Figure 4.4.2b: SEM image of an overview of a complete 3D stitch through six carbon fiber 

sheets. 
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4.4.3 3D stitching with the incorporation of GTFinto 5320prepreg sheets 

 

 

 

Figure 4.4.3a: Presence of undamaged GTF before and after the introduction of 3D stitching. 
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Figure 4.4.3b: Thinner thread thickness of 0.003in stitched through the GTF without thread being 

snapped. 

 

 

Figure 4.4.3c: GTF incorporated into composite and closer view of the undamaged graphene 

flakes after 3D stitching. 
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4.5. Mechanical Testing 

4.5.1. Tensile testing 

         As mentioned in chapter 3(section 3.27), the through thickness direction of z-binder 

(threads) was introduced via the 3D stitching method. Here, no GTF was incorporated into the 

carbon fiber composite. In addition, it was important to observe how the stitch configuration 

varied in terms of tensile strength when compared to the baseline. Furthermore, tensile testing 

was done on sample configuration 1, 2, 3, and 4 respectively and was compared to the tensile 

strength of the baseline. Here, 3 coupons of each laminate configuration were tested and the 

values were averaged. Calculations were performed based on 3 considerations. First, thickness of 

the panel was considered (Table 7).  

        Figure 4.5.1a shows a graph of tensile strength (ksi) against the laminate configurations. In 

addition, the baseline strength was calculated to be 185.29 ksi. SC1 with thicker thread thickness 

of 0.008in had strength of 132.109 ksi. On the other hand, for SC2, SC3, and SC4 having thinner 

thread thickness of 0.003in, the strength was calculated to be 180.667 ksi, 180.979 ksi, and 

198.883 ksi respectively. From here, it can be concluded that there was a decrease of 28.7% 

when the strength of baseline was compared to SC1. Furthermore, there was a decrease in 

strength by 2.49% and 2.33 % for SC2 and SC3 respectively and increase in strength by 6.83% 

for SC4 when compared to baseline. 

Table 7: Tensile strength (ksi) of baseline, SC1, SC2, SC3, and SC4 respectively (considering 

thickness of panel). 

Considering Baseline SC1 SC2 SC3 SC4 

Thickness of 

panel 

185.29 132.109 180.667 180.979 198.883 
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Figure 4.5.1a: Graph of tensile strength (ksi) against laminate configuration (considering 

thickness of panel). 

        Secondly, thickness of the stitch was considered. Here, the strength of the baseline, SC1, 

SC2, SC3, and SC4 was calculated to be 185.29 ksi, 91.561 ksi, 150.564 ksi, 153.833 ksi, and 

174.023 ksi respectively (Table 8). In addition, there was a decrease in strength of 50.56% when 

SC1 was compared to baseline. On the other hand, SC2 and SC3 showed a decrease of 18.7% 

and 16.9% respectively. Similarly, instead of an increase in strength, SC4 showed a decrease of 

5.94% in strength when compared to baseline. Figure 4.5.1 b shows a graph of tensile strength 

(ksi) against laminate configuration (considering stitch thickness). 

Table 8: Tensile strength (ksi) of baseline, SC1, SC2, SC3, and SC4 respectively (considering 

stitch thickness). 

Considering Baseline SC1 SC2 SC3 SC4 

Stitch 

thickness 

185.29 91.561 150.564 153.833 174.023 

0

50

100

150

200

250

Baseline SC1 SC2 SC3 SC4

T
en

si
le

 S
tr

en
g
th

 (
k

si
)

Laminate Configuration

Tensile Strength (ksi) Vs. Laminate Configuration



111 
 

 

Figure 4.5.1 b: Graph of tensile strength (ksi) against laminate configuration (considering stitch 

thickness). 

         Thirdly, optimum thickness of the panel was considered. This method is actually the most 

appropriate method when the data is calculated. However, due to lack of information with 

respect to data reduction of 3D composites, therefore, two other methods were calculated to 

show a variation in the results. Furthermore, it was observed that the average strength of the 

baseline was approximately 154.409 ksi. On the other hand, SC1, 2, 3, and 4 were observed to 

achieve an average tensile strength of 110.091 ksi, 150.564 ksi, 146.507 ksi, and 165.736 ksi 

respectively. Table 9 shows the tensile strength (ksi) of baseline, SC1, SC2, SC3, and SC4 

respectively when considering the optimum thickness of the panel. Also, Figure 4.5.1c shows the 

bar chart of the comparison of the tensile strength, ksi, against the laminate configurations when 

considering the optimum thickness respectively.  Figure 4.5.1d shows the graph of load (lbf) 

against displacement (in) of the laminate configurations respectively.  
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Table 9: Tensile strength (ksi) of baseline, SC1, SC2, SC3, and SC4 respectively (considering 

the optimum thickness of the panel). 

Considering Baseline SC1 SC2 SC3 SC4 

Optimum 

thickness 

154.409 110.091 150.564 146.507 165.736 

 

 

Figure 4.5.1 c: Graph of tensile strength (ksi) against laminate configuration (considering 

optimum thickness). 
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Figure 4.5.1d: Graph of load (lbf) against displacement (in) of the laminate configurations 

respectively. 

         Furthermore, it can be concluded that for SC1, there was a reduction of 28.7% in the tensile 

strength compared to the baseline. Also, for SC2, and 3, there was reduction of 2.49 %, and 5.12 

% respectively. On the other hand, there was an increase of approximately 6.83 % in tensile 

strength of SC4 when compared to the baseline. In short, for all three different considerations, it 

was observed that SC1 having thicker thread proved to have a much lower strength. On the other 

hand, SC4 proved to be the best configuration.  

According to the literature review of 3D composites, the tensile strength should decrease within 

an acceptable range of 0 to 10%. However, when considering the optimum thickness into the 

strength calculation, it was observed that SC4 had an increase in strength of 6.83% compared to 

baseline. However, due to lack of information on 3D composites related to the tensile data 

calculations, various considerations were used to show a more promising result. Moving 
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forward, since SC4 proved to be the best choice among the rest of the laminate configurations, 

therefore SC4 was then utilized on 12 sheets of unidirectional carbon fiber prepreg material, 

5320. This time, GTF was incorporated into the carbon fiber reinforced composites and the 

samples were mechanically tested.  

 

Figure: 4.5.1e: Diagram of tested tensile coupons after tensile failure. 

4.5.2. 3D stitching on 5320 unidirectional prepreg sheets 

          From the previous section, it was observed that SC4 achieved the best strength compared 

to other stitch configurations while considering three different thicknesses respectively when 

compared to the strength of the baseline. Therefore, two samples consisting of 12 plies were 

prepared, one with and the other without the incorporation of GTF. The dimensions of the 

samples were 12‟ by 12‟.  
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Figure 4.5.2a: 12‟ by 12‟ samples with and without the incorporation of GTF respectively before 

and after cure. 

          For the compression testing, testing was done according to ASTMD-6641. Coupons were 

measured 5.5in (length) and 0.5in (width). Furthermore, 3 specimens of each sample were 

machined and grinded to avoid any porosity. This step is important to ensure accurate testing 

data. In addition, the compressive strength of the baseline was compared to the 5320 without and 

with the incorporation of GTF respectively. For this compression testing, the optimum thickness 

of the panel was considered specifically for the data calculations. The baseline, 5320 without 

GTF, and 5320 with GTF had a compressive strength of 101.742 ksi, 92.369 ksi, and 77.288 ksi 

respectively.  

          In short, when 5320 without and with GTF was compared to the baseline, there was a 

9.2% and 24% reduction in terms of compressive strength. Table shows the compressive strength 

of baseline, 5320 without and with the incorporation of GTF respectively (considering the 

optimum thickness of the composite panel). Figure 4.5.2b shows the bar chart of the compressive 

strength of baseline, 5320 without and with the incorporation of GTF respectively.  
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Figure 4.5.2b: Graph of compressive strength (ksi) against laminate configuration. 

 

Table 10: Illustrates the compressive strength (ksi) of baseline, 5320 without and with the 

incorporation of GTF respectively (considering the optimum thickness of the composite panel). 

Considering Baseline 5320 without GTF 5320 

Optimum thickness 101.742 92.369 77.288 

 

 

Figure 4.5.2c: Delamination of top ply (3D stitching) of the coupon few seconds before failure. 
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CHAPTER 5 

CONCLUSION 

In conclusion, a highly conductive GTF was developed. First, electrical conductivity was 

measured using a four point probe method and the maximum conductivity was calculated to be 

1800 S/cm. Furthermore, the GTF was then incorporated into the carbon fiber reinforced 

composite. Here, a delamination was observed between the top sheet and the GTF. This occurred 

because GTF was a foreign material which may not have a recognizable interface between the 

rests of the prepreg sheets. Also, the resin was not flowing across the GTF from one side to 

another of the composite material. Therefore, another approach was taken where GTF was 

drilled with holes.  

The results and observations obtained proved that the delamination had improved 

compared to the GTF without holes which clearly indicated that there was a resin flow that 

bridged from the composite through the holes of the GTF. However, the delamination was still 

significant. In addition, electrical conductivity was also measured on the drilled holes and the 

conductivity dropped from 1800 S/cm to 1364 S/cm. This was because the structure of the GTF 

was distorted. Also, as observed, the holes that were drilled did not have proper dimensions, 

therefore the transverse flow of current was not uniform and this led to a lower electrical 

conductivity. On the other hand, smaller holes were drilled in a symmetric pattern having equal 

hole and distance dimensions. The electrical conductivity was observed to be higher, 

approximately 1500 S/cm. From here, 3D stitching method was used. This method was done by 

stitching polyester threads through the composite with the incorporation of the GTF. In short, 

this method was successful in decreasing the delamination compared to other methods used 

previously as well as maintaining a high electrical conductivity of the GTF, approximately 1700 

S/cm.  
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CHAPTER 6 

FUTURE WORK 

Based on the experimental results and observations, the following research could be 

undertaken in order to better understand the problems involved in improving the properties of the 

incorporation of the GTF via 3D concepts into the carbon fiber reinforced composites: 

- Investigate the fire retardancy effects on GTF. 

- To construct an actual lightning on the composite panel with the incorporation of the 

highly conductive GTF via 3D concepts and compare with previous research.  

- Instead of polyester threads, threads such as Kevlar, carbon fiber, and glass fiber threads 

could be used and the results for each thread respectively could be compared with the 

results published in this research. 

- Investigate and compare the results of 3D stitching using different stitch configurations 

with much higher and lower thread tensions respectively.  
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