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ABSTRACT 
 
 

Graphene is a marvelous structure that has an incredible mechanical, electrical, and thermal 

properties. However, graphene fails to retain its outstanding properties during agglomeration due 

to its enormous specific surface area. To solve this problem, an established functionalization 

coating technique whereby silane molecules are applied to the pristine graphene surface improves 

its dispersion and stability in a polymeric composite. In this thesis, functionalized graphene was 

incorporated with a carbon fiber-reinforced polymer (CFRP) composite to improve its mechanical 

and viscoelastic properties. Successful integration of the 0.5 wt% silanized graphene in the CFRP 

composite leads to the improvement of ultimate tensile strength up to 58.41% from the base 

composite, with 8.44% improvement from the same amount of pristine graphene CFRP composite. 

In the evaluation of tensile strength, the 0.25 wt% and 1 wt% silanized graphene composites 

outperformed pristine graphene composites by 10.64% and 16.71%, respectively. Additionally, 

there was 7.35%, 9.97%, and 13.5% tensile modulus improvement in the 0.25 wt%, 0.5 wt%, and 

1 wt% of silanized graphene, respectively, compared with pristine graphene composites. Fourier 

transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM) tests were used 

to characterize the graphene and silanized graphene, and C-scan was performed for the qualitative 

analysis of the manufactured CFRP nanocomposites. A further study using dynamic scanning 

calorimetry (DSC) and dynamic mechanical analysis (DMA) confirmed a staggering glass 

transition temperature (Tg) shift of about 19.55oC for 0.25 wt% silanized graphene nanoinclusion. 

However, the highest amount (1 wt%) of graphene or silanized graphene degraded the mechanical 

strength but promisingly improved the viscoelastic characteristics of the CFRP composites. 

Therefore, the functionalized graphene proved to be a better candidate against pristine graphene 

in the development of graphene-filled CFRP nanocomposites.  
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CHAPTER 1 

INTRODUCTION 

 
 
1.1 Motivation  

A civilization heavily dependent on steel and different alloys was served well, prior to the 

need for a sustainable economy and environment. Conventional materials, particularly alloys of 

different metals, possess a greater advantage of being comparatively lightweight, very strong, and 

durable. However, all those benefits are not appropriate for fast-growing industries, such as 

automotive and aviation, where fuel economy is an essential factor in an affordable price. Today 

there is a need for materials in applications from aircraft to laptops with superior mechanical 

strength, high durability, extensive chemical or corrosion resistance, and ultralight weight. Hence, 

composite materials with their unique property of tailorability, low specific weight, and high 

strength are the best solution to meet this challenge [1-4]. Nevertheless, novel composite materials 

are not free from limitations such as surface damage, ultraviolet (UV) degradation, buckling or 

weak interfacial bonding. There has been extensive research on the innovation and improvement 

of numerous composite materials to make them suitable for different applications. Consequently, 

the paradigm of material science has been revolutionized by the discovery of nanomaterials. The 

incredible strength observed at nanoscale for most materials has unlocked a new era of research 

for these ultimate materials. Graphene is an allotrope of carbon, consisting of a single layer, 

essentially at nanoscale, and has enormous mechanical strength and useful electrical properties [5-

9]. An optimum amount of graphene in conventional composite materials with additional 

manufacturing processing can tremendously increase the desired mechanical properties [8-10]. 

Nonetheless, highly energized nanoscale graphene agglomerates and loses effectiveness as a 

reinforcement because of its high surface area and zeta potential. Thus, an optimum solution for 
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graphene agglomeration is a challenge for graphene-based nanocomposite development [6, 9, 10]. 

The primary motivation behind this research is to find a better solution for graphene dispersion in 

the epoxy resin medium, and subsequently to investigate the mechanical properties of 

nanocomposites manufactured by silane modification.  

The biggest challenge to finding a compatible fuel economy structural material can be 

explained by Figure 1 [11]. As can be seen, the strength vs. density plot for all known materials 

indicates that metals have the highest strength, but due to their great density, they are not a highly 

desirable structural material. In contrast, carbon fiber-reinforced composites have a higher strength 

with a lower density. Recently, it was discovered that nanosize graphene would outperform all 

other materials by having the lowest density but greatest strength—a hundred times stronger than 

conventional steel. Hence, the successful incorporation of graphene into carbon fiber-reinforced 

polymer (CFRP) can significantly improve its mechanical strength with a low density. 

 

Figure 1. Specific strength and density of different materials known as ASHBY selection chart 
[11] 
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1.2 Research Objectives 

The research objectives of this study can be broadly divided into two steps: 

 Investigation of the functionalization of pristine graphene by silane molecules. 

 Characterization and determination of the effectiveness of functionalized graphene in 

CFRP composites  

Graphene in the form of graphene oxide (GO) powder was obtained from the Angstron 

Materials and used for the fabrication of a nanocomposite. Plain weave carbon fiber was used as 

the reinforcement fiber. Epon 828 epoxy resin with a controlled amount of diethylenetriamine 

(DETA) hardner plus 98+%, Bis-(2-aminoethyl)-amine, 98+ %) was used to manufacture the 

composite panels. The graphene surface was functionalized with a silane surfactant, called [3-(2-

Aminoethylamino) propyl] trimethoxysilane, using an already established process of modification 

[30]. Appendix A shows the chemical used for this study. A unique method consisting of different 

steps was used to mix the graphene and resin to improve better dispersion. Two types of 

nanocomposites based on the pristine graphene and silanized graphene at different percentages of 

inclusion were manufactured. Finally, different mechanical tests—tensile test, differential 

scanning calorimetry (DSC), and dynamic mechanical analysis (DMA)—were performed to 

investigate the effect of functionalization of graphene nanoparticles (GNPs).  
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CHAPTER 2 

LITERATURE REVIEW 

 
 
2.1  Composite Material 

A composite material is a combination of different constituent materials with different 

physical, chemical, or mechanical properties but has significantly different characteristics than the 

constituent materials. The advantages of composite materials are high strength, enhanced thermal 

and electrical properties, better chemical resistance, and the ability to be tailored appropriately for 

different kind of applications. The ease of fabrication and flexibility make composite materials 

suitable for a large range of applications from the automotive to aviation industries [1-4]. 

Currently, lightweight and stronger composite materials are used in sports equipment, marine 

applications such as boat hulls, railways, and even civil engineering purposes. Fundamentally, the 

two main constituents of composite materials are fiber and a matrix. Depending upon the 

manufacturing process, different kinds of fiber or a fiber-matrix combination is used in composites. 

The differing properties of composite materials resulted are mainly because of its fiber and matrix 

content. Usually, fibers are the load-carrying member of the material, and the matrix maintains the 

structural integrity. A major role of the matrix is to transfer load from one fiber to another. There 

is a theoretical limitation of using the highest amount of fiber for a particular manufactured 

composite, considering the set of fiber arrangements, since without a sufficient amount of matrix 

there will be no physical bonding between fibers. Fibers can be used in a matrix of varying lengths, 

thus producing different characteristics. Fibers can be used as continuous lengths or as 

discontinuous lengths, widely known as short fibers. On the other hand, laminated composite 

materials are made of different layers of materials comprising a bonded stack of laminae (i.e., a 

single layer of fiber) with single/multidirectional orientations. The layers of a laminate are bonded 
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together with a matrix material that essentially acts as an adhesive. The stacking sequence of 

laminas is very important factor in order to achieve a particular set of mechanical properties. The 

objective of lamination is to produce a composite material suitable for a specific application. For 

instance, a part subjected to uniaxial tensile strength should have fibers aligned in the loading 

direction, thus all the laminas fibers will be laid up in one direction. However, most conventional 

materials are isotropic, i.e., material properties are irrelevant with respect to direction and, hence, 

are suitable for various loading conditions. To make the composite materials practically suitable 

for various applications, the fibers should be arranged in such a way that produces more isotropic 

behavior. An ideal composite material would be stronger in any direction, including fiber direction 

and its transverse direction. Therefore, composite materials are intentionally manufactured with 

different lamina directions for achieving different load-carrying capacities [1-4].  

2.2 Classification of Composite Materials 

Composite materials primarily made of matrix and fibers are called two-phase composite 

materials. These materials can be broadly classified into three categories, based on the fiber or 

reinforcement type, orientation, and geometry. Figure 2 shows the classification of composite 

materials. 

2.2.1 Particulate Composites 

Particulate composites are made of different-shaped and -sized particles that are randomly 

dispersed within the matrix. The randomness of the particle distribution results in a quasi-

homogeneous and quasi-isotropic system. As a result, the composite properties vary in direction, 

but not varied like a completely anisotropic material. Metallic and nonmetallic particles can be 

used as reinforcement for the nonmetallic matrix. In some cases, metallic particles are used for the 

metallic matrix as well. Concrete glass reinforced with mica flakes or brittle polymers reinforced 
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with rubbery particles are examples of nonmetallic particles and a nonmetallic matrix. On the other 

hand, metallic particles like aluminum particles are used in polyurethane rubber for manufacturing 

rocket propellants. Lead particles which are metallic elements are used in copper alloys for 

improving machinability is an example of a metal particulate in a metallic matrix [1-4]. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Broad classification of composite materials [1] 
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2.2.2 Short-Fiber Composites 

Discontinuous or short fibers are used as reinforcing materials in composites. Here, the 

fiber diameter is fairly small compared to fiber length. The fibers can be randomly dispersed or 

engineered to produce a one-direction arrangement. In one case, the composite material properties 

are expected to be quasi-isotropic due to the quasi-homogeneous distribution of fibers, and in 

another case, the material shows more orthotropic behavior, i.e., in the longitudinal and 

perpendicular directions, the material properties vary [1-4]. 

2.2.3 Continuous Fiber Composites 

The most effective fiber reinforcement is found in continuous fiber composites. Here, long 

continuous fibers are added to the matrix and actually carry the tensile stress, subsequently 

increasing the material strength. The arrangement of fibers can produce different properties using 

the same constituents for a particular composite material. Naturally, most materials are isotropic, 

i.e., the material properties do not change with direction. However, in the case of composite 

materials, the fiber direction is very important for achieving mechanical properties. Fibers that are 

randomly oriented can assume the load in any direction, thus producing more isotropic behavior. 

Conversely, if fibers are oriented in a single direction, then the composite can take the load in that 

particular direction, but it will be prone to fail earlier in the orthogonal direction due to the 

nonexistence of reinforcing fibers. Thus, in the manufacturing process, special care is taken to 

produce a composite material highly conforming to the application conditions. Continuous fibers 

that are parallel to each other produce a unidirectional continuous fiber composite. If fibers are 

perpendicular to the longitudinal fibers, then these composites are called woven fabric or cross-

ply continuous-fiber composites. Cross-ply or woven laminate composites were used in this study 

[1-4]. 
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2.2.4 Matrix 

In a composite material, the matrix is the most important constituent, which actually binds 

all the elements together and ensures that the material has a certain desired shape. Based on the 

matrix used, the composite materials can be broadly classified into polymer-matrix composites, 

metal-matrix composites, ceramic-matrix composites and carbon-carbon composites. In polymer-

matrix composites, the matrix is a polymer-based compound. Metal-matrix composites are mainly 

alloys or a metal matrix with boron, carbon, and ceramic-based fibers. The metal matrix includes 

aluminum, magnesium, titanium, copper, etc. Ceramic matrix composites are mainly composed of 

a silicon carbide, aluminum oxide, silicon nitride, or glass-ceramic-based matrix. In most cases, 

ceramic fibers are used for reinforcement, and the ceramic-matrix composite has an exceptionally 

high-temperature application with a very high strength [1-4]. 

2.2.5 Polymer-Matrix Composites 

For this research, polymer-matrix composites are of particular point of interest. Usually, 

polymer-matrix composites are used in lower temperature applications due to their inherent 

properties. However, their low weight and the flexibility of manufacturing actually make them a 

highly desired candidate for aviation or applications requiring low specific weight parts. Based on 

the properties of the polymer matrix used, composites can be divided into thermoplastic 

composites and thermoset composites [1-4]. 

2.2.6 Thermoplastic Composites 

Thermoplastic composites are sensitive to heat, since the material can be liquidized at a 

temperature above the melting temperature, even after the composite manufacturing process. In 

the case of thermoplastics, the individual molecules are not chemically bonded together but rather 

held together by secondary bonds made by weak intermolecular forces such as van der Waals or 
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sometimes by weak electrostatic force such as hydrogen bonds. Because of the absence of a strong 

bonding force, the weak bond of thermoplastic materials could be broken by the application of 

sufficient heat energy. With the application of heat above the melting point, the temporary bonds 

are broken, and the molecules have the ability for relative movement, which makes it possible for 

further modification such as heat-softening and reshaping, thus improving malleability as many 

times as needed. Interestingly, with the removal of the heat application, the material freezes and 

solidifies; hence, with the proper application of pressure and heat, thermoplastic materials can be 

reconfigured or recycled. Because of such distinguishing features, thermoplastic materials show a 

more ductile nature than other composites. Polyetheretherketone or polysulfone resins are used as 

the matrix, and glass, carbon graphite, Kevlar, or boron fibers are used as the reinforcement in 

thermoplastic composites. Usually, thermoplastics have low molecular weights; however, in the 

case of addition type of thermoplastics can produce a longer molecular chain with a high molecular 

weight. Due to the increasing deterioration in the molten state, there is a practical limit to the 

number of reprocessings of thermoplastics [1-4]. 

2.2.7 Thermoset Composites 

In contrast to thermoplastics, thermoset composite materials actually undergo a chemical 

reaction during the manufacturing process, whereby the liquid resin solidifies and makes a strong 

bond with the reinforcing fibers. In this case, the molecules are chemically bonded with each other 

by crosslinking, creating a rigid, three-dimensional network structure resulting in an irreversible 

compound. The resin material, which is a carbon-based material, has smaller unlinked molecules 

known as monomers. Upon the application of a curing agent, widely known as the hardener, which 

is actually nothing but a catalyst, the chemical reaction accelerates. Further application of heat 

during the manufacturing process ensures that most of the monomer crosslinking will form a long 
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molecular chain, which eventually results in complete solidification. Polymerization is a 

continuous process, which theoretically never finishes completely. In different studies, UV 

application on the composite panel showed some crystallization due to the increased reaction rates, 

thus confirming a continuous but insignificant reaction rate. However, after the chemical reaction, 

thermoset materials permanently change and cannot be returned to their original state. Hence, at 

elevated temperature, thermoset materials solidify, and the continuation of higher temperatures 

could degrade the material. If the number of cross-linking is low, then the material can soften at 

higher temperatures due to the relative mobility of the carbon chains. Epoxy, polyimide, and 

polyester are the best examples of thermoset resins. Due to the intrinsic nature of the restricted 

movement of polymer chains, the thermoset resin is more brittle, thus producing a higher strength 

and modulus with low ductility. In this study, the composite panels were actually made based on 

a thermoset resin, hence bringing a greater scope for further discussion [1-4]. 

2.3 Fiber 

Fibers are the main reinforcing element in composite material. They actually cover the 

largest volume fraction in a composite laminate and obviously carry most of the applied load. In 

different applications, various fibers are used because of their distinct properties. Fiber properties 

are varied due to their constituent material and for their manufacturing process. Some of the key 

factors that are very important for selecting a particular fiber are the fiber type, fiber volume 

fraction, fiber length, and fiber arrangement. A combination of these factors eventually affects the 

composite material’s density, tensile strength and modulus, shear strength and modulus, 

compressive strength and modulus, fatigue strength, electrical and thermal properties, corrosion 

resistance, resistance against UV light, and, most importantly, cost. A large number of continuous 

filaments are generated in the fiber manufacturing. These fibers can be made into a bundle, since 
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small-sized fibers are difficult to deal with in practical applications. The untwisted continuous 

filament is known as a strand or end in glass and Kevlar fibers, and a tow in carbon fibers. The 

twisted form is referred to as yarn [1-4].  

A number of commercially available fibers are used as reinforcement in composite 

manufacturing. Each fiber has its own unique advantages but is not free from drawbacks. Hence, 

depending upon the application, suitable fiber is used. The most-used fibers include glass fibers, 

carbon fibers, aramid or Kevlar fibers, boron fibers, graphite fibers, and ceramic (silicon carbide, 

alumina) fibers. A comparative table of fiber performance can provide an overview. Table 1 shows 

the advantages and the disadvantages of different commercially used fibers, considering the 

mechanical properties and compatibility fibers chosen for the desired application. Table 2 

represents the mechanical properties of different industrial-grade fibers used today.  

TABLE 1  

COMPARISON OF DIFFERENT FIBERS—ADVANTAGES AND DISADVANTAGES [1] 
 

Fiber Advantages Disadvantages 

E-glass, S-glass High strength Low stiffness 
 Low cost Short fatigue life 
  High-temperature sensitivity 
Aramid (Kevlar) High tensile strength Low compressive strength 
 Low density High moisture absorption 
Boron High stiffness High cost 
 High compressive strength  
Carbon (AS4, T300, C6000) High strength Moderately high cost 
 High stiffness  
Graphite (GY-70, pitch) Very high stiffness Low strength 
  High cost 
Ceramic (silicon carbide, alumina) High stiffness Low strength 
 High use temperature High cost 
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TABLE 2  

PROPERTIES OF DIFFERENT INDUSTRIAL-GRADE FIBERS [1] 
 

Type Manufacturer 
Tensile Strength  

(MPa) 

Modulus 

(GPa) 

Density 

(g/cm3) 

E-glass Corning 3,450 72.5 2.54 
S-glass Corning 4,480 85.6 2.49 
Carbon     
AS4 Herculis 3,730 235 1.81 
T300 Union Carbide 2,760-3,450 228 1.76 

     
HTS Hercules 2,830 248 1.82 
IM-6 Hercules 4,480 290 1.8 
IM-7 Hercules 5,170 290 1.8 
Graphite     
T-50 Union Carbide 2,070 393 1.67 
GY-70 Celanese 1,725 527 1.86 
Pitch, type P Union Carbide 1,725 345 2.02 
Boron AVCO 3,280-3,660 365-414 2.1-3.0 
Kevlar (Aramid) DuPont 3,800 131 1.45 
Silicon carbide     
5.6 mil/C (SCS-2) Textron 4,140 400 3.05 
Nicalon Nippon Carbon 2,070 172 2.6 
Alumina     
FP-2 DuPont 1,725 380 3.7 
Nextel 610 3M 1,900 370 3.75 
Saphikon Saphikon 3,100 380 3.8 
Silica  5,800 72.5 2.19 
Tungsten  4,140 414 19.3 

2.3.1 Carbon Fiber 

Carbon fibers offer a range of stiffness and strengths, depending on the manufacturing 

process, particularly at the processing temperatures. Carbon fibers AS4, T300, and C6000 are 

processed at high temperatures between 12000C and 15000C and are of high strength and high 

stiffness because of this high temperature. Graphite fibers GY-70 and Pitch are ultrahigh stiffness 

fibers that are processed at temperatures between 20000C and 3000C. Here, their strength is 

compromised to achieve a very high modulus [1]. 
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Commercially carbon fibers are available in the range from 207 GPa to 1035 GPa. Usually, 

low-modulus fibers have a lower density, lower cost, higher tensile and compressive strengths, 

and higher tensile strain-to-failure than high-modulus fibers. Carbon fibers have a number of 

advantages over other fibers, including an exceptionally high tensile strength-to-weight ratio, high 

specific tensile modulus, lower coefficient of linear thermal expansion that provides dimensional 

stability for composite manufacturing, high fatigue strengths, and high thermal conductivity. 

Carbon fibers T-40 and IM-7, which are intermediate modulus (IM), high-strength, 

polyacrylonitrile (PAN) carbon fibers, possess the highest strain-to-failure among the carbon 

fibers. Pitch carbon fibers have a higher modulus, but their tensile strengths and strain-to-failure 

are lower than PAN carbon fibers. Due to the more graphitized part in the pitch fiber, shear is 

easier between parallel planes of a graphitized fiber. Graphitic fibers are prone to defects and flaws, 

resulting in a lower tensile strength than PAN fibers [1-4].  

The axial compressive strength of carbon fibers is lower than their tensile strength. A 

higher modulus actually limits the compressive strength of carbon fibers. Higher graphitic order, 

higher orientation, and larger crystal size are also attributes of the reduced compressive strength 

of applied carbon fibers. Conversely, the higher the tensile modulus, the higher the thermal and 

electrical conductivity, because of the presence of increased graphitic parts with better 

conductivity. As a result, the thermal and electrical conductivities of PAN carbon fibers are lower 

than that of pitch carbon fibers. Carbon fiber tows are weaved into two-dimensional fabrics of 

various styles. These two-dimensional weave patterns actually increase the fibers’ compatibility 

to different loading applications, unlike unidirectional fibers [1-4]. 
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2.4 Graphene 

Graphene is the mother element of the carbon allotropes including graphite, carbon 

nanotubes, and fullerenes [5-7]. Graphene is basically a single atomic layer of graphite. The 

thickness of the layer is actually one atom, about 0.345 nm. Graphite is an abundant natural mineral 

that has been known for nearly 500 years, which is obviously an allotrope of carbon. In 1940, 

graphene was theoretically acknowledged as the building block of graphite [5, 6]. The following 

research on graphene resulted in the theoretical establishment of electric current conduction by 

effectively massless charge carriers in graphene in 1984. The name “graphene” was first used in 

1987 to describe the various compounds found in the graphitic layers. Since then, the term is 

extensively used in physics, chemistry, biotechnology, material science, and engineering 

disciplines. It is noteworthy to mention that in 1960, Boehm and co-workers separated thin 

lamellae of carbon by heating and a chemical reaction from graphene oxide.  Several attempts to 

grow graphene on other single-crystal surfaces have been carried out since the 1970s; however, 

the strong interaction of graphene with the base surface made it difficult to experimentally measure 

the actual properties. Consequently, until 2004, it was widely believed that single-layer graphene 

in ambient conditions was thermodynamically unstable and hence limited to synthesis. Finally, 

Andre and Kostya, two scientists from Manchester University, removed some flakes from a lump 

of bulk graphite with sticky tape and found that some flakes were thinner than others. Inspired by 

this extraordinary event, they repeatedly separated graphite fragments, and in 2004, they managed 

to create flakes of one atomic thickness. The playful, yet groundbreaking, approach eventually led 

scientists to the 2010 Nobel Prize in Physics [5]. 

Graphene the “thinnest” known material has incredible mechanical strength and flexibility, 

and exhibits excellent electrical and thermal conductivity with a low coefficient of thermal 
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expansion (CTE). Hence, graphene has attracted a tremendous amount of attention in both 

academics and industry. As a result, there has been an enormous amount of research going on to 

integrate graphene into different applications. Graphene alone has shown a great alternative for 

reinforcement in composite materials. Enhanced mechanical and electrical properties can be 

attained by the use of graphene in carbon fiber-based polymer nanocomposites. Graphene is highly 

expected to play an essential part in the future fabrication of ultra-smart nanoelectronic and 

bioelectronic devices. Recent research shows that indium tin oxide, which is used in touch screens 

and is brittle and chemically unstable, can be replaced by graphene for improved flexibility [5-10]. 

Figure 3 shows a hypothetical graphene sheet (top). Due to the inherent flexibility of being able to 

bend and twist, this nanosheet, can be formed into different derivatives such as a bucky ball, carbon 

nanotube (CNT), and graphite.  

 

Figure 3. Graphene sheet (top) and its derivatives: bucky ball (left), carbon nanotube (CNT) 
(middle), and graphite (right) [7]. 

 
A single layer of graphene at nanoscale plays a vital role in forming materials with superior 

properties. However, the single graphene sheet with a high specific surface area tends to 
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agglomerate or even rearrange to form graphite through π-π stacking and van der Waals 

interactions, if the sheets are not well separated from each other. Graphene is a hexagonal lattice 

of sp2-bonded carbon atoms arranged in a honeycomb-like crystal structure, and it can absorb a 

small amount of light, about 2.3%, that can be seen with the naked eye. The carbon-to-carbon 

bonds in graphene are very small, about 0.142 nm long, and make the strongest material ever 

discovered. The ultimate tensile strength of graphene is about 130 GPa, whereas the tensile 

strength of A36 structural steel is about 400 MPa. Graphene is not only ultra-strong but also ultra-

light in comparison with other known materials. It is reported that graphene has a density of 0.77 

mg per square meter, which is 1,000 times lighter than paper of the same area. It is widely claimed 

that a single sheet of graphene could cover a whole soccer field but would weigh less than a single 

gram. One study in 2007 using an atomic force microscopic (AFM) showed graphene sheets with 

a thickness between 2 and 8 nm had spring constants in the region of 1-5 N/m with a Young’s 

modulus of 0.5 TPa. Because of its multitude of properties, graphene would tremendously increase 

the strength of structural parts with improved durability if integrated with conventional polymeric 

composite materials [7, 9]. 

2.5 Wet Layup 

There are a number of manufacturing processes for thermoset composites. Broadly, the 

processes can be classified as semi-finished fabrication, open forming, and closed forming. Semi-

finished fabrication includes thermoset prepreg and thermoset sheet molding compound. Open 

forming includes hand layup, spray-up, robotic layup, filament winding, pultrusion, and 

honeycomb core. Closed forming includes injection molding, resin transfer molding, vacuum-

assisted resin infusion, compression molding, autoclave forming, cold press, balanced pressure, 

and thermal press curing. All of these processes have some advantages over others, and for 
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different applications and considering manufacturing precision, different manufacturing processes 

are used. The wet layup process, which is widely used in both academia and industry, was applied 

in this study. Here, the fiber, which could be in the form of weaves or fabrics, is dried at first to 

secure it from any moisture absorption. Then, suitable resins are impregnated by hand using rollers 

or brushes. The lamina of fibers are stacked on top of each other using resin impregnation up to 

the desired number to obtain a certain thickness. The composite is then vacuum bagged and put 

into a vacuum for a certain period of time to eliminate air bubbles or volatilities deposited during 

the manufacturing process. Subsequent heating with the application of a high vacuum pressure 

enhances and completes the curing process. This process is relatively easy, flexible to alter, and 

cost-effective in contrast to other manufacturing processes. However, the major disadvantage of 

wet layup is the lack of consistency, as the quality of the product is highly dependent on the skill 

of the laminator and is typically subjected to a higher variation with less precision. In addition, in 

some cases, the viscous resin impregnation is very difficult and can eventually result in a porous 

and low-strength composite panel. Thus, there is a tradeoff between production cost and expected 

mechanical or thermal properties of composites.  Furthermore, direct exposure to the raw resin and 

curing agents pose a greater health risk for people associated with the manufacturing process [1-

4]. 

2.6 Fourier Transform Infrared  

 Fourier transform infrared (FTIR) spectroscopy is the preferred method of materials 

analysis, in contrast to the other spectroscopy methods. Every material has its unique molecular 

arrangements and atomic bonds. As a result, upon infrared analysis, no two compounds can 

produce the exact same infrared spectrum. Thus, an infrared spectrum corresponds to a fingerprint 

of the sample with absorption peaks that represent the frequencies of vibration between the atomic 
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bonds that constitute the material. In this analysis process, controlled infrared (IR) radiation is 

passed through a sample from a source. Part of the radiation is absorbed by the sample, and the 

remainder is transmitted through the sample. The detector collects IR radiation from the sample, 

and the resulting spectrum represents the molecular absorption and transmission of the sample. 

The peaks, their intensities, and the amount are representative of the corresponding atomic bond 

vibrations, which are the intrinsic nature of the material. Although spectroscopy techniques have 

been used for more than seventy years, FTIR spectroscopy overcomes limitations associated with 

other dispersive instruments, the major problem of which is the slow scanning process. FTIR 

spectroscopy measures all infrared frequencies simultaneously rather than individually by the 

application of an optical device called the interferometer. In order to identify the material, a 

frequency spectrum is needed, but the measured interferogram signal cannot be directly 

interpreted. Individual frequency decoding is done by applying Fourier transformation, which is 

performed by a computer that ultimately produces the desired spectral information for analysis 

[12]. 

2.7 C-Scan 

Ultrasonic C-scan is used to determine the defects of a material by applying sound waves 

and collecting the reflected waves. This inspection method is used for quality control in many 

major industries. C-Scan is a non-destructive technique (NDT), and thus can be very useful to 

determine porosity-related flaws of the composite panels without actually damaging the parts. Due 

to its NDT nature, C-scan is widely used by the aerospace industry for finding the structural defects 

of aircraft body parts. The pulse-echo method is used for ultrasonic C-scan. In this process, an 

ultrasonic pulse is generated from a source, the wave strikes the sample, and the reflected wave is 

analyzed. Echoes produced when the pulse is reflected from a discontinuity are sharply different 
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than echoes from a flawless sample interface. For each reflecting interface within an area of a 

sample, C-scan records and display echoes from the internal portions of the test pieces as a function 

of position. Flaws are shown on a read-out, superimposed over images of the test piece, and the 

flaw areas with their positions are recorded. This method cannot record flaw depth. The 

superimposed image shows the color variation that represents the flaw position, pattern, and size. 

This is obviously a qualitative technique and cannot be accurate for quantifying the flaw. However, 

an estimation deduced from a C-scan, for example the porosity of a panel, can produce an initial 

idea about the success of the manufacturing process [13].  

2.8 Scanning Electron Microscopy 

The scanning electron microscopy (SEM) microscope scans a focused electron beam over 

a surface to create an image. This microscope uses electrons instead of light to form images. Due 

to the light wavelength that imposes a theoretical limitation of the light’s microscopic resolution, 

a beam with a lower wavelength is needed to characterize materials at the nanoscale with higher 

resolution. The limitation of a regular lens can be avoided by using a magnetic lens. The large 

depth of field of SEM allows a better focus than other traditional microscopes. Signals derived 

from the electron to the sample surface interactions reveal important information about surface 

morphology, chemical composition, and crystalline structure and orientation of the constituent 

materials. However, for SEM characterization, the sample needs to be in solid form and also kept 

in a high vacuum. The major limitations of SEM are sample size, where the maximum size of the 

sample must fit in the order of mm. Furthermore, for an electrically insulated sample, a conductive 

coating is needed on the sample surface; otherwise, there will be no electron-to-surface interaction 

as well as images [14]. 
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2.9 Dynamic Scanning Calorimetry  

Differential scanning calorimetry (DSC) is a very powerful and diverse thermal analyzing 

technique that can operate in a sub-ambient temperature (<–1000C) to a very high temperature 

(>5000C). It can be used to analyze a wide range of materials from amorphous to crystalline, 

including semi-crystalline materials. Similar to some other material characterization techniques, 

DSC can also provide useful information in the identification of a material’s thermal properties. 

DSC measures the temperature and heat flow representing the material transition states as a 

function of time and temperature. The heat flow curve over temperature, shows the material phase 

changes, thus providing quantitative and qualitative data about the endothermic and exothermic 

processes during the transition. DSC is a useful technique for measuring the melting temperature, 

glass transition temperature (Tg), crystallization temperature, recrystallization temperature, 

oxidation, and other related changes of polymeric composites. The information attained from DSC 

can reveal useful information about the material being investigated as well as its manufacturing 

process. In DSC analysis, two pans on the same platform are used: one for the sample and one for 

the reference. Thermocouple sensors read and record the data for both pans. Upon the application 

of heat during testing, the heat flow generated in both pans can be measured by thermocouples. 

Finally, the differential temperature or heat flow (heat/time) between the two pans provides 

information to identify phases of the sample. The Tg can be found from the DSC curve, which is 

actually an endothermic process. The permanent decrease of the baseline heat flow shows onset of 

the Tg. For some polymers, a crystallization temperature can be found, and this indicates an 

exothermic process. Most amorphous polymers do not show a crystallization peak since they 

actually do not undergo any crystallization process. The melting peak can be found in the DSC 

curve, which is an endothermic process. Upon melting, the sample changes its phase from a solid 
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to a liquid. A large temporary decrease in heat flow represents the melting peak at the time that 

heat is absorbed by the sample for fusion. From the melting peak, the integral of the peak area can 

be used to find out the sample’s crystallinity. Given that a composite sample has fiber, the 

crystallinity measurement should consider the weight fraction of the polymeric matrix for an 

accurate measurement [15-18].  

2.10 Dynamic Mechanical Analysis 

Dynamic mechanical analysis (DMA) is a thermal analytical method that produces a 

variety of information regarding a material’s response at a different temperature. It measures the 

mechanical properties of the material as a function of temperature, frequency, and time. In DMA, 

a sample is subjected to a cyclic load or stress over a specific range of temperatures. During the 

process, the sample undergoes a number of stages, and the viscoelastic behavior of the sample is 

investigated. DMA is a very popular characterization technique for some particular polymers since 

it reveals their rheological and thermal properties. Rheology is very sensitive to small changes in 

the polymer structure and thus is an effective resource for characterizing a polymer relative to its 

development as a new material [19]. 

 In DMA, a small deformation is applied to the sample in a cyclic manner, consequently 

the response of the material to stress, temperature, or frequency is investigated. Upon the 

application of periodical force, the material also deforms sinusoidally. A resisting force also acts 

simultaneously within the material and increases with the increasing deformation. When a material 

is unable to resist the external action, the process of deformation leads to failure. Deformation of 

the body and resistance to deformation are referred to as strain and stress, respectively. Polymers 

are viscoelastic fluids, and their viscous or elastic behavior can be determined based on the 

deformation process, or in other words, how fast the constituent material flows [19].  
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DMA can determine the glass transition temperature and damping behavior of the material 

by using conditions such as temperature and stiffness. DMA is widely used to determine 

mechanical properties, the morphology of polymers, the loss factor (tan delta), loss angle (delta), 

glass transition temperature, damping ability, dynamic viscosity, industrial product stiffness, 

rheological properties, secondary transitions, thermal stability, creep behavior, etc. This analysis 

measures the stiffness and damping of the sample and reports the modulus and tan delta. 

Theoretically, applied force and displacement or the deformation of the sample should be in phase, 

but the DMA shows the phase shift that is the key for further analysis. The sharp drop of storage 

modulus shows the Tg. The tan delta, which is the ratio of the loss modulus to the storage modulus 

represents the damping ability of the sample investigated [19].  

The storage modulus is a measure of a material’s elasticity and refer to the material’s ability 

to store energy, i.e., elasticity. For an easier understanding, assume a spring system for the 

molecular arrangement of the material. Once force is applied, the spring, in this case the molecular 

arrangement, changes, thus storing energy, and by removal of the force (stress for the subject), the 

material goes back to its original state. The viscous or loss modulus of the material represents the 

material’s capability to dissipate energy as heat, which is limited by its own molecular motion. 

Tan delta is the ratio of the viscous and elastic moduli and also refers to material damping. 

Damping means the ability of a material to dissipate mechanical energy by converting it into heat 

[19].  

2.11 Previous Research and Results 

Extensive studies have been carried out on polymer-based composite materials. The 

discovery of graphene and its extraordinary mechanical, thermal, and electrical properties have 

attracted the interest of scientist from different disciplines to integrate the material into their 
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respective needs. This sectoin will discuss some major studies done on graphene, functionalization 

of graphene, and its uses in polymeric composites. 

Ramanathan et al. observed an unprecedented shift in glass transition temperature over 

400C for polyacrylonitrile with a 1 wt% functionalized graphene sheet. For a 0.05 wt% 

functionalized graphene sheet in the PAN, there was about 30oC increase in the Tg. They also 

reported a very similar trend for modulus, ultimate tensile strength, and thermal stability [8]. 

Jiang et al. had a different approach to enhancing the mechanical properties of epoxy 

composites by using a silanized silica nanoparticle attachment on the graphene oxide. They 

obtained 29.2% and 22% higher tensile strength and modulus, respectively, for 1 wt% attached 

GO-filled epoxy composites at a cryogenic temperature. The fracture toughness obtained from the 

single-edge notched bending test was abruptly enhanced with filler content up to 1 wt% [20]. 

Shen et al. showed that composites with strong interfacial interactions between the 

graphene-matrix could lead to excellent mechanical properties, even without a stable and better 

dispersion of graphene. They reported that the increase in mechanical properties for 

polycarbonate/graphene oxide-epoxy composites was higher than the polycarbonate/graphene 

oxide/epoxy sample, as well as the similar work done by the thermally reduced graphene oxide/ 

polycarbonate composites with better dispersion [21].  

Li et al. produced a nanocomposite by using modified graphene oxide sheets. They added 

0.2 wt% amino-functionalized GO, which yielded a 32% increase in the Young’s modulus and a 

16% increase in the tensile strength. They found less reinforcement with epoxy-functionalized GO 

but a significant rise in ductility, with fracture toughness and fracture energy nearly doubling at 

0.2 wt% loading [22]. 



 

24 

Wan et al. reported that diglycidyl ether of bisphenol-A functionalized graphene oxide 

(DGEBA-f-GO)/ epoxy composites resulted in a higher tensile modulus and strength than neat 

epoxy and the GO/epoxy composites. For an inclusion of 0.25 wt% DGEBA-f-GO, the tensile 

modulus and strength increased about 13% and 75%, respectively, compared with the neat epoxy 

resin. There was also an increase of 26% and 41% fracture toughness for the graphene oxide and 

DGEBA-f-GO, respectively [23]. 

Xu et al. reported on a graphene oxide/nylon-6 nanocomposite, an approach of monomers 

or chain extenders containing functional groups capable of directly reacting with GO in an in situ 

step-growth polymerization, which could effectively link GO to the matrix, thus resulting in an 

unprecedented doubling of modulus and strength against neat nylon-6 at 1 wt% loading [24].  

The formation of covalent bonds between matrix and filler materials improved the 

mechanical properties of epoxy and polyurethane composites with graphene nanoparticles and 

graphene-oxide (GO)-derived inclusion. It had also observed a large modulus gain in elastomeric 

matrices, most frequently in polyurethanes [25-30]. 

Khan U et al. from their investigation drew the conclusion about polyurethanes that at 55 

wt% GNP inclusion increased the modulus of over two orders of magnitude essentially from 10 

MPa to 1.5 GPa. In addition, moderate ductility was retained regardless of high loading compared 

with the rigid thermoplastic e.g. polycarbonate but producing a higher toughness and strain at 

break of 15% with an adequate modulus and strength [31]. 

Verdeio R. et al. worked with the TEGO/silicone foam nanocomposite. The result obtained 

suggests densification of the composite in comparison with the neat foam could complement the 

effect of particle reinforcement. Consequently, there was a 200% increase in the normalized 

compressive modulus at just 0.25 wt% inclusion [32].  
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Although, graphene-based nanocomposite improved different mechanical properties 

reported by numerous researcher. However, there is an opposing finding for the graphene-based 

composite material subjected to impact tests. Rafiq R. et al. from their study reported an increase 

of impact strength after the use of the graphene in their composite [33].  

  However, Jiang X et al. from another study conversely reported the decrease of the impact 

strength of the graphene-based composite [34]. Thus, the graphene could be a key factor to altering 

the composite impact resistance with an appropriately engineered technique.  

Fang M. Zhang et al. in their study observed the pendant amine functionality on the 

chemically modified graphene (CMG) platelets potentially created a flexible interphase added with 

the cross-linking between the CMG platelets. As a result, they reached up to 94% increase in the 

fracture toughness of CMG/epoxy composite versus neat epoxy for only 0.6 wt% of nanoinclusion 

[35]. 

Wan et al. were able to fabricate an epoxy composite with highly dispersed graphene by a 

facile surfactant-assisted process and study the correlation between the surface modification, 

morphology, dispersion, and thermal and mechanical properties of the composites. With the 

application of their novel techniques, an improved interface between the matrix and graphene was 

produced, and as a result, tensile properties increased, in comparison to the neat epoxy composite. 

However, there was a slight enhancement of thermal stability over the neat epoxy composite 

reported [36]. 
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CHAPTER 3 

EXPERIMENTAL METHOD 

 
 
3.1 Silanization of Graphene 

Several techniques have been applied by different scientists to modify the surface of 

graphene by using a silane attachment. The silanization process followed for this research is the 

technique reported by Li et al. [10]. This process is shown in a flowchart in Figure 4. 

 

Figure 4. Illustration of the stepwise silanization process 

Beginning with the process, 2 gm of graphene was measured using a high precision weight 

meter. Ethanol was used as the solvent for the graphene. In order to obtain 1 wt% solution of 

graphene, 200 gm of ethanol was used. With a secured glass jar, the solution was then subjected 

to ultra-sonication. About one hour of ultra-sonication results in a better homogeneous solution of 

graphene in ethanol by effectively breaking the agglomerated graphene into smaller particles. Then 

a three-neck flask was connected together to make the system isolated from the environment. The 

After five hours, rinse and filtrate reaction with water

Inject liquid silane surfactant dropwise

Heat suspension to 120oC for boiling and removal of ethanol 

Transfer GNP/ethanol homogeneous solution into three-neck flask with water condenser

Use high power ultrasonication for better dispersion

Disperse graphene in ethanol (according to weight percentage)
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graphene-ethanol solution was poured into the flask. A magnetic bar was cleaned by dipping it 

into an acetone solution for one hour, and then subsequently cleaning it in ethanol to ensure the 

bar was free of impurities. Afterward, the magnetic bar was placed in the flask containing the 

ethanol-graphene solution, causing a high rotation of 800 rpm for effective stirring during the 

chemical reaction of the graphene and [3- (2-Aminoethylamino) propyl] trimethoxysilane solution. 

Figure 5 shows the experimental setup for the functionalization, in this case, silanization of 

graphene. 

 
 

Figure 5. Experimental setup for graphene silanization 
 

The flask containing the ethanol-graphene solution and the flask containing the ethanol 

condensation were carefully secured with thick rubber tape to ensure that no air, particularly 

oxygen, interacted with the system. The neck flasks were connected with small-diameter plastic 

pipes to fit at the top of each flask. The flask containing the ethanol graphene solution was the 

largest, compared with the other two. The larger volume allowed the magnetic bar to rotate freely 

during the reaction time. On top of the flask, a rubber cork with two holes of varying diameter was 
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mounted. One of the holes fitted the connecting pipe while the other hole with a very small opening 

allowed a thin but rigid metallic needle to penetrate inside the flask. The needle passed through 

the rubber cork and extended to the top part, effectively being inside the flask. The needle was 

connected to the plastic syringe that contained 12 ml of [3- (2-Aminoethylamino) propyl] 

trimethoxysilane solution.  

The second flask was collected the condensed ethanol vapor coming out of the first flask. 

The third flask contained water and was also connected to the second flask to ensure additional 

ethanol vapor could be absorbed by the water. Hence, there was no chance of surrounding air 

having access to the isolated system. The ethanol-graphene solution was placed on a hot plate, 

which maintained the temperature of the ethanol-graphene solution at 1200C throughout the 

silanization process. The hot plate also provided the magnetic flux that resulted in the rotation of 

the magnetic bar inside the solution up to 800 rpm. Stirring was very important since it facilitated 

the silane molecules to mix in the solution and to interact with the free surface of the graphene. 

The solution of [3- (2-Aminoethylamino) propyl] trimethoxysilane was injected dropwise from the 

syringe to the ethanol-graphene solution. This step of a low dropwise injection rate of silane to the 

graphene solution was performed with extreme care in order to allow a sufficient amount of time 

for silane mixing. Finally, after five hours, the graphene-ethanol suspension was cooled to room 

temperature, and the silanized graphene was collected using a filtration process.  

Figure 6 shows the filtration setup for the graphene as well as the completed collection of 

the filtered graphene. Here, a ceramic crucible that has a larger pore size to allow ethanol and water 

pouring was used. In order to obtain the maximum amount of silanized graphene, a special filter 

paper with a very small pore size, effectively in the micro range, was placed on top of the crucible 

filter. A special type of neck flask with an opening for connecting the vacuum pipe was used. The 
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vacuum pipe connected to the fume hood essentially created a negative pressure. The crucible 

placed on top of the flask was secured with tape to ensure an airtight system. Hence, the negative 

pressure created by the fume hood caused a sufficient downward pull to the poured ethanol-

graphene solution, allowing the graphene to settle on top and the ethanol to eventually be 

deposited, as the result of the pressure differential. The top of the crucible was rinsed with reverse 

osmosis (RO) water to wash the silanized graphene from the unreacted silane molecules, if any 

remained. Finally, the silanized graphene deposited on the filter paper was dried for an hour. Later, 

with extreme care, this dry silanized graphene layer was washed again with water and collected in 

a jar. The jar was then placed in the oven at about 600C for 4 to 6 hours. Eventually, all the water 

evaporated and the silanized graphene was collected.  

  
 

Figure 6. Graphene filtration: experimental setup (left) and completed filtration (right) 

Figure 7 shows a schematic diagram of the chemical compounds used and the stepwise 

chemical reactions that occurred during the silanization process. Here R refers to (CH2)3-NH-
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(CH2)2 NH2, and R’ refers to  -CH3. After silanization, the graphene surface attached to the silane 

molecules by the oxygen and hydrogen binding together.  

  

 

 
 

Figure 7. Schematic diagram of silanization reaction [10] 
 
3.2 FTIR Sample Preparation 

 In order to determine the success of the silanization process, FTIR analysis was performed. 

Two samples of graphene and silanized graphene were made and tested. The samples were 

prepared by mixing 0.05 gm of pristine/silanized graphene with 0.45 gm of potassium bromide 

(KBr). The mixture was ground by hand, and a sufficient amount was placed in the pan of the 

machine. Several scans were made to locate a better analytical graph.  

3.3 Composite Laminate Fabrication with Wet Layup Process 

Carbon epoxy nanocomposite manufacturing can be broadly divided into two steps: the 

mixing of graphene pristine/silanized with epoxy resin using a special technique, and the regular 

wet layup procedure for lamination.  
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3.3.1 Graphene Infusion Process in the Epoxy Resin 

Due to the high viscosity of epoxy resin, it is very difficult to make a homogeneous mixture 

of pristine graphene nanoparticles (PGNPs) or silanized graphene nanoparticles (SGNPs) and 

epoxy resin. Therefore, a special technique was applied. First, a 10% in weight of PGNP/SGNP in 

ethanol solution was made. Then the suspension was ultrasonicated for about 30 minutes to 

enhance the dispersion of the nanoparticles. Meanwhile, the necessary amount of epoxy resin 

(EPON 828) was collected and heated on a hot plate at about 750C to decrease its viscosity. 

Reducing the viscosity allowed the epoxy resin to flow more easily and make it possible for more 

stirring. The prepared dispersed graphene-ethanol suspension was then poured into the epoxy 

resin. Figure 8 shows the experimental setup for the epoxy graphene mixing at high speed. 

 
 

Figure 8. Graphene/silanized graphene infusion in epoxy resin with ethanol as solvent 
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With a high power shear mechanical stirrer, the epoxy resin added to the graphene-ethanol 

solution was then agitated at a speed of 2,500 rpm, while the hot plate made sure the system 

temperature remained at 750C. At this elevated temperature and due to the shear effect, the 

graphene nanoparticles infused with the epoxy resin, and the continuous heating ensured 

evaporation of all ethanol molecules. During the process, the weight of the mixtures was measured 

several times to ensure that after three hours of stirring, all ethanol particles were undoubtedly 

removed from the mixture. Finally, a highly dispersed, homogeneous, and stable epoxy resin and 

graphene mixture was obtained.  

3.3.2 Lamination of CFRP by the Wet Layup  

In accordance with the American Society for Testing and Materials, ASTM D3039/D3039 

M standard, carbon fibers were cut into a 10.25 inch by 3.5 inch size, which was later cut into a 

10 inch by 1 inch composite panel after fabrication for the tensile test that was to follow. In this 

study, a composite panel was manufactured with ten plies, which were first dried in an oven at 

45oC so that most of the moisture absorbed was removed. This excessive moisture absorbed by the 

fiber could be entrapped during the curing process, resulting in a porous degraded composite 

material. The plies were placed on a metal mold, and the resin was impregnated on them. A small 

wooden stick was used to mix the calculated amount of the DETA hardener and epoxy resin. 

Careful mixing ensured that no air was trapped in the mixture, and slow stirring avoided 

further agitation. Since the curing process begins immediately after the addition of hardener, the 

layup process was done in a timely manner to avoid premature solidification during the 

manufacturing process. A squeegee and a roller were used for the layup. Rolling was done using 

a uniform pressure and a consistent pattern for better adhesion between the ply and the resin. 

Considering the greater amount of resin volume assumed to be lost in the different stages of the 
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manufacturing process and because of the hand layup, 50% extra volume of resin was used. A 

necessary number of peel plies, bleeder, and breather were used to absorb the excess amount of 

resin, in order to allow a better resin flow during the vacuum-assisted curing process.  

A thick metal plate a half-inch thick was placed on top of the laminate after layup to 

produce uniform pressure on the composite surface. This technique resulted in a smooth top 

surface as well as a better dimensional stability of the composite panel manufactured. Finally, a 

vacuum bag was made with the proper use of tacky tape sealant to ensure complete sealing of the 

system containing the mold and the laminates. The vacuum bag equipped with a vacuum hose and 

valve was connected with a vacuum pump. A uniform pressure of 14 lb./in2 was applied by the 

vacuum pump on the composite laminate. The high pressure squeezed out all of the air bubbles 

entrapped in the resin. It also helped to adhere the carbon fibers to the epoxy resin. The application 

of the vacuum pressure continued for 24 hours, to ensure the removal of all undesired air bubbles 

from the system. The curing cycle of the plain weave carbon fiber and epoxy laminated composites 

are shown in Figure 9, which followed the manufacturer specification.  

 
 

Figure 9. Heating cycle programmed in oven for composite panel curing 
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After 24 hours of vacuuming, the mold with the vacuum bag was placed in an industrial-

grade oven. According to the manufacturer specification, the epoxy resin and hardener used needed 

three days natural curing at ambient temperature. However, for quick production, the specification 

also recommended heating the sample up to 1200C for one hour. The heating actually accelerated 

the polymerization process, and the one-hour heat application with vacuum pressure completed 

the polymerization. Upon cooling, a composite panel of uniform thickness was obtained. 

Afterward, the samples were cut into pieces following the ASTM standard for tensile testing. 

Figure 10 shows the composite panel manufactured and cut according to the ASTM standard. 

  
 

Figure 10. Cured composite panel: photo taken immediately after cooling from the oven (left) 
and prepared test coupons following ASTM standard for tensile test (right) 

 
3.4 C-Scan Test  

The manufactured composite panel was subjected to ultrasonic C-scan analysis to 

determine the qualitative condition. For this test, the sample was not modified. The test was done 
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with help of the composite testing department of the National Institute for Aviation and Research 

at Wichita State University.  

3.5 SEM Test 

For the SEM test and analysis, a very small segment of each composite was cut using a 

high-strength shear scissors. It was ensured that the size of each segment was 2 mm by 6 mm.  

3.6 Tensile Test 

In order to determine the mechanical strength and stiffness of the composite materials 

manufactured by the tensile test, the Standard Test Method for Tensile Properties of Polymer 

Matrix Composite Materials (ASTM D3039/ D3039 M) was followed. For the balanced and 

symmetric fiber orientation, composite panels 1 by 10 inches in size were cut. The average 

thickness of the panel found was about 2 mm. The strain rate was applied at about 2 mm/min. An 

MTS machine was used to perform the test, and the subsequent data were saved by the computer 

and further analyzed. Figure 11 shows the tensile test setup.  

 
Figure 11. Test setup for tensile test 



 

36 

3.7 DSC Test 

In accordance with ASTM D3418, the DSC test sample was prepared for later testing. The 

test sample size was about 2 mm by 2 mm with an average weight of 10 mg. The sample was 

heated from 400C up to 4000C with a 10oC/min heating rate to determine the melting peak. A Tzero 

aluminum hermetic pan and lid were used to perform the test. Figure 12 shows the test setup for 

the DSC analysis. A TA Q200 machine and universal analysis software were used for testing and 

analysis, respectively. 

          
 

Figure 12. Differential scanning calorimetry analysis: DSC Q200 machine (left);  
DSC test setup (right) 

 
3.8 DMA Test 

A dynamic mechanical analyzer TA Q800 machine was used to determine the glass 

transition temperature and the viscoelastic properties of the test samples. The ASTM D7028 

standard was used to perform the tests. The method included three-point bending fixtures with the 

multi-frequency strain mode. Samples were cut using a shear cutter machine to the size of 36 mm 

by 6 mm. The preload force applied was about 0.5 N, and the strain maintained was about 0.02. 

The test sample was heated from 300C to 2000C with a 50C/min ramping. The fixture and sample 
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were carefully calibrated before each test to comply with a high precision measurement. Figure 13 

shows the TA Q800 DMA machine, indicating the different parts, from the metal mesh to the 

fixtures. The fixture was changed to a three-point bending test as shown on the right. Appropriate 

calibration was done before the test in order to obtain an accurate and consistent result.  

            
 

Figure 13.  Dynamic mechanical analysis: TA Q800 machine (left); test setup (right) 
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CHAPTER 4 

RESULTS AND ANALYSIS 
 
 

The results and analysis of this study can be divided into several segments, considering the 

characterization of nanomaterials and nanocomposites, mechanical tests, and thermal and 

viscoelastic property analysis. 

4.1 Characterization of Pristine and Silanized Graphene by FTIR 

Fourier transform infrared spectroscopy is a widely used and accepted methodology for 

characterizing nano/bulk materials. This technique reveals the vibrations of different chemical 

chains and thus helps to identify the significant alteration made by the chemical reactions. Figure 

14 shows the FTIR spectrum of pristine graphene and silanized graphene, and the characteristic 

peak at around various distinct absorption levels. As can be seen, the spectrum of pristine graphene 

shows broader peaks around 3400 cm-1 corresponding to –OH groups, indicating a great amount 

of active sites for different agents, such as silane molecules, to attach [12]. The O-H stretching 

vibration around 3400 cm-1 suggests different types of oxygen functionalities in graphene oxide. 

The less broad peak in contrast to the –OH sites, at 1720 cm-1, is another characteristics site of 

stretching vibrations from the C=O bond [37–39, 40]. The presence of this band could be for both 

the carboxylic and carbonyl groups of graphene [39, 41]. Another peak at around 1621 cm-1 

indicates stretching of the phenol C=C ring [37, 42]. As a result of the use of ethanol, a small 

amount of water absorption on the graphene surface causes a deformation of the vibration bending 

peak [36, 42] around 1623 cm-1. Although a sufficient amount of silane surfactant was used, not 

all the surface was functionalized. As a result, the same vicinity of 1600 cm-1 exhibits unoxidized 

graphite domain [37]. 
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Figure 14. Comparative study of pristine and silanized graphene FTIR spectroscopy 
 

The vibration band around 1400 cm-1 indicates in plane –COH bending, and the peak 

around 1090 cm-1 corresponds to the epoxy C-O-C bond [43]. Wan et al. and Wood et al. found 

that typically for silane modification [36, 43], there would be two weak peaks around 800 and 1000 

cm-1. In this investigation, the above spectroscopy shows a blunt peak for silanized graphene 

around 1089 cm-1, unlike the pristine graphene’s sharp peak around the same band range. The peak 

strength also significantly decreased after silanization, which is evident from the compared 

spectroscopy. The slight shift and broadening of the peak confirm the successful silanization 

process, referring to the formation of the Si-O-Si band around the site [42]. The broadening of the 

peak is due to the bending of the Si-O-CH3 or Si-O-Si bond [36, 43]. Notice that at 925 and 963 

cm-1 in silanized graphene, two distinct peaks emerge, which were not observed in the pristine 

graphene.  
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The observed peaks confirm the formation of the coating layer of silane molecules on the 

graphene surface. These peaks refer to the creation of Si-OH on the graphene surface of silanized 

graphene nanoparticles [42]. In addition, the peaks around 2850 and 2922 cm-1 also show the 

corresponding symmetric and asymmetric vibration of –CH2- group, which was attached to the 

alkyl chains for the silane molecules of silanized graphene [38]. In this study, the vibration peak 

at 1843 cm-1 for pristine graphene completely disappeared in the silanized graphene spectroscopy, 

which confirms the successful chemical modification of the graphene surface. Therefore, from the 

FTIR analysis, our test outcomes agreed with the already-established functionalization results.  

4.2 Dispersion Difference between Pristine and Silanized Graphene Oxide 

 
Among the different nanomaterials characterization methods, FTIR, x-ray diffraction 

(XRD) analysis, and Raman spectroscopy are widely used. However, a simple chemical test such 

as solubility can reveal the discrete nature of the modified nanoparticles.  

Yang et al. chemically converted graphene nanosheets (non-functionalized or u-CCG) and 

functionalized chemically converted graphene (f-CCG) nanosheets by dispersing them in water, 

ethanol, N,N-dimethylformamide (DMF), dimethylsulfoxide (DMSO), and 3-amino-

propyltriethoxylane (APTS) using different ultrasonication techniques to form a homogeneous and 

stable dispersion. In their experiments, 0.5 ml/L of u-CCG in water, ethanol, DMF, and DMSO 

did not show good solubility, but 1 ml/L of u-CCG in APTS showed better dispersion in 

comparison with others. On the other hand, a similar concentration of f-CCG showed remarkable 

dispersion in contrast to the u-CCG [40]. 

In another study, Hou et al. produced ethylenediamine triacetic acid (EDTA)-treated 

graphene oxide and reduced graphene oxide (RGO). One investigation involved the solubility of 

RGO in various solvents via various modification techniques. Water suspensions of GO, RGO, 
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ethylenediamine triacetic acid graphene oxide (EDTA-GO), and ethylenediamine triacetic acid 

reduced graphene oxide (EDTA-RGO) of 1 mg/ml were prepared. After 1.5 hours of sonication, 

it was found that the GO suspension was stable, but the RGO suspension had poor solubility in 

water, with sedimentation at about 12 hours. The poor hydrogen bonding capability and 

agglomeration were the reasons behind such sedimentation. However, both EDTA-GO and EDTA-

RGO showed excellent solubility over time, with no phase separation or sedimentation over a 

three-month period [41]. 

In a mixture of CH2Cl2/H2O (1/1, v/v) solvents, the distinct solubility of GO and GO-epoxy 

was confirmed from the Shen et al. study, where it was reported that GO completely dispersed in 

water due to its polar properties, and GO-epoxy was dispersed in organic CH2Cl2. Interestingly, 

the later one had not deposited for two months. This test confirmed the conversion of hydrophilic 

GO to hydrophobic GO-epoxy by reaffirming the effectiveness of the functionalization process 

applied. In support of their idea, the following test of GO precipitation in CH2Cl2 clarified the 

incapacity of dispersion as the result of the chemical grafting of epoxy, instead of the physically 

adsorbed epoxy [21]. 

 The dispersion or solubility test is not limited to graphene oxide; several tests have been 

conducted by different research groups on carbon nanotubes as well. Their results effectively 

confirmed the functionalization success. Yang et al. found that multiwall carbon nanotubes 

(MWCNTs) easily aggregate and form sediment in tetrahydrofuran (THF) solvent. On the other 

hand, benzenetricarboxylic acid (BTC) MWCNTs exhibited better dispersion with a more stable 

stability in THF for more than a month. The functional group added on the surface of MWCNTs 

increased the compatibility between MWCNTs and THF. Eventually, this prevents bundle 

formation for MWCNTs because of the van der Waal’s force, and the oxygen containing 
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functionalities on the BTC-MWCNT surface provide an extraordinarily stable suspension in THF 

[44]. 

Similar results were found by Ma et al., where ethanol solutions with MWCNT at 

concentrations of 0.5 mg/ml were prepared and sonicated for five minutes. The suspension ability 

of the pristine MWCNTs was poor since sedimentation occurred easily. The lack of hydrogen 

bonding ability and the agglomeration tendency of MWCNTs are the primary reasons for 

precipitation. Although, some pretreated MWCNTs showed better stability than other previous 

ones, they separated after 24 hours. However, chemically modified MWCNTs showed better 

dispersion solubility and improved stability over time in ethanol [45].  

Li et al. used as-prepared graphene oxide (aGO), base-washed graphene oxide (bwGO), 

amino functionalized, APTS-GO, and epoxy functionalized GPTS-GO, and tested their solubility 

in water and acetone. It was concluded that APTS-GO and GPTS-GO become hydrophobic rather 

than hydrophilic, and provided a stable suspension for more than 20 hours [22, 46]. 

Considering the previous studies for this research, a similar test was used to easily and 

visually provide a clue about the effectiveness of the maneuvered chemical treatment. In this case, 

ethanol was used as a solvent. Both pristine graphene oxide and silanized graphene oxide of 0.5 

mg/ml were mixed in ethanol. Afterward, both solutions were dispersed using ultrasonication for 

ten minutes. The dispersed mixture was placed at rest for visual inspection. Within a few hours, 

the graphene solution started becoming clearer as the graphene nanoparticles were deposited. 

Figure 15 shows graphene in ethanol solution after 3 hours.  As can be seen, an aggregation of 

pristine graphene oxide that was eventually deposited on the bottom of the container, in contrast 

to a silanized graphene ethanol solution that was stable and remained dispersed. As can be seen in 

Figure 16, after 36 hours, all the pristine graphene particles formed sediment on the bottom of the 
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container, showing a very distinct separation of ethanol on top and graphene at the bottom. 

However, after that same amount of time, there was no separation of the ethanol and silanized 

graphene; the solution was as dispersed and stable as it was in the very beginning. 

 
 

Figure 15. Graphene in ethanol solution after 3 hours: silanized graphene showing stable 
dispersion (left); pristine graphene showing sedimentation (right)  

 

 
 

Figure 16. Graphene in ethanol solution after 36 hours: pristine graphene completely separated 
(left); silanized graphene stably dispersed (right) 

 
The photographs taken after 3 hours (Figure 15) and 36 hours (Figure 16) after mixing the 

graphene and ethanol solution through ultrasonication, clearly show the difference between the 



 

44 

solubility of graphene oxide and silanized graphene oxide in the polar medium of ethanol. Pristine 

graphene oxide without any surface modification is actually hydrophilic and causes precipitation. 

After proper surface modification such as silanization, the graphene surface was coated with 

moieties of silane, resulting from the hydrophobic nature of nanoparticles, which caused a stable 

dispersion in the ethanol solvent. Poor hydrogen bonding capability of pristine graphene 

nanoparticles is another factor that causes complete separation of graphene in ethanol. In contrast, 

silanized graphene equipped with amino chains after surface modification forms a weak hydrogen 

bond in ethanol, resulting a more stable and homogeneous solution over time. Since graphene 

oxide at nanoscale has a high surface area as well as surface energy, dispersion of the graphene 

oxide in polymer resin is a great challenge. Figure 16 distinctly shows the soluble nature of PGNPs 

and SGNPs in ethanol. 

Two major challenges include the following: (a) dispersion of nanomaterials that are 

already agglomerated during the manufacturing process into individual particles, and (b) avoiding 

a secondary agglomeration during curing by maintaining a stable dispersion. Graphene oxide 

nanoparticles attract each other due to van der Waals forces and Coulomb attractions causing the 

formation of clusters in the polymeric matrix. Silanized graphene oxide essentially avoids 

agglomeration by weakening the van der Waals forces among the neighboring particles and 

creating a more stable dispersion.  

4.3 C-Scan Analysis 
 

Although the C-scan test does not provide quantitative data, e.g., exact volume fraction for 

the composite material, it is very useful for determining the qualitative aspect of the composite 

material manufactured. Figure 17 shows C-scans for base, 0.25 wt% pristine graphene, and 0.25 

wt% silanized graphene CFRP composites. 
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Figure 17. C-scans of CFRP composites: base panel without any nanoinclusion (top); 0.25 wt% 

pristine graphene inclusion (middle); 0.25 wt% silanized graphene inclusion (bottom) 
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As can be seen, the composite panels are not completely free from a very small amount of porosity. 

Due to the higher agglomeration of graphene, its large size causes more void formations than in 

the base composite panels and a comparatively greater amount of void content. However, it is 

estimated that the porosity of the manufactured panels is not more than 10%. Considering inherent 

difficulties involved with the wet layup process, a 5% porosity or void fraction is widely accepted 

in different engineering applications. Therefore, it can be concluded that the manufacturing 

process applied in this study was consistent and reliable for further test and studies.  

4.4 Tensile Test Analysis  

 
The typical stress-strain curve obtained for the neat carbon fiber epoxy composite base 

panel is shown in Figure 18. The horizontal axis represents the strain endured and the vertical axis 

represents the stress developed in the composite sample. 

 
 

Figure 18. Typical stress-strain curves for carbon epoxy composite material (base panel) 
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This graph shows great consistency among the three samples tested. The curves also 

show that the modulus of elasticity of the samples are consistent as well. The strain value is close 

to 11%, and the maximum ultimate stress is about 590 MPa with an acceptable amount of 

variation. For further analysis, the graph close to the average maximum strength and modulus 

was chosen and presented.  

From Figure 19, it is clear that the nanomaterial inclusion did not change the linear stress-

strain nature of the carbon fiber polymeric composite. Both the graphene and silanized graphene 

behaviors were very analogous to the neat/base composite. However, the 0.25 wt% graphene-

enriched nanocomposite showed a higher ultimate tensile strength than the base. The same amount 

of silanized graphene improved the tensile strength of the CFRP from the base to a greater extent. 

 
 

Figure 19. Stress-strain comparison of base, 0.25 wt% graphene inclusion,  
and 0.25 wt% silanized graphene inclusion 

 
The distinct rise in strength of the silanized graphene-enriched CFRP in comparison to the 
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proper application of silanized graphene. However, unlike the tensile strength, the elastic modulus 

for the nanocomposites did not change sharply.  

In the case of 0.5 wt% inclusion, graphene and silanized graphene showed considerable 

improvement in ultimate tensile strength. From Figure 20, the striking rise in strength for the 

pristine graphene and silanized graphene is observed. However, as in the previous case, the 

silanized graphene nanocomposite improved significantly in strength, in contrast to the pristine 

graphene-based nanocomposite. In addition, the 0.5 wt% silanized graphene nanocomposite had 

increased stiffness over the pristine graphene nanocomposite. However, the pristine graphene 

nanocomposite endured better strain than the silanized graphene nanocomposite. 

 
 

Figure 20. Stress-strain comparison of base, 0.5 wt% graphene inclusion,  
and 0.5 wt% silanized graphene inclusion 

 
The inclusion of 1 wt% pristine graphene and silanized graphene in the carbon fiber 
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stiffness for the 1 wt% graphene nanocomposite was observed in the stress-strain behavior, as 

shown in Figure 21. In fact, the 1 wt% pristine graphene inclusion reduced the strength of the 

carbon fiber composite. However, a significant amount of strain endured by the graphene 

nanocomposite was also reported. Conversely, the 1 wt% silanized graphene showed better 

strength and stiffness than the same amount of graphene but failed to improve the CFRP composite 

strength.  

 
 

Figure 21. Stress-strain comparison of base, 1 wt% pristine graphene inclusion,  
and 1 wt% silanized graphene inclusion 

 
A comparison of tensile strength of the base, graphene, and silanized graphene 
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performance reported is for the 1 wt% graphene infusion. A steady rise of strength at a very low 

level (0.25 wt%) of nanoinclusion was observed. The maximum amount of strength attained for 

both cases occurred with the 0.5 wt% nanoinclusion. However, for both graphene and silanized 

graphene, the average strength at a high level (1 wt%) was actually lower than the base composite.  

 
 

Figure 22. Tensile strength comparison of base, graphene, and silanized graphene  
carbon fiber nanocomposites 
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practical significance. However, as mentioned previously, the high amount of 1 wt% graphene and 

silanized graphene nanoinclusions failed significantly by actually degrading the material’s 

strength. The worst performance was reported for the 1 wt% pristine graphene application, which 

reduced the tensile strength of the CFRP composite by a staggering 23.62%. However, in contrast, 

the silanized graphene at that level showed better performance by more than 16.5% from the 

pristine graphene, but without any practical advantage.  

 
 

Figure 23. Tensile strength comparison of pristine graphene inclusion  
and silanized graphene inclusion in carbon fiber composite  
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Figure 24. Elastic modulus comparison of base, pristine graphene,  
and silanized graphene carbon fiber nanocomposites 

 
From Figure 25, it is evident that 0.5 wt% silanized graphene resulted in the best stiffness 

enhancement for the CFRP composite by 16.76%. At that level, there was actually about a 10% 

improvement over the pristine graphene nanocomposite. In the other cases of 0.25 wt% and 1 wt% 

nanoinclusions, silanized graphene outperformed pristine graphene by 7.35% and 13.5%, 

respectively. Interestingly, in the case of stiffness, a higher level of silanized graphene kept 

improving the material’s stiffness, while the same level of pristine graphene conversely degraded 

it. Nonetheless, results show a great difference in the two kinds of reinforcement.  
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Figure 25. Modulus of elasticity comparison of graphene inclusion  
and silanized graphene inclusion in carbon fiber composite  

 
Figures 26 and 27 shows the relationship between tensile strength and the filler content for 

pristine graphene and silanized graphene, respectively. In both cases, the relationship was found 

to be nonlinear, and in both cases for low to high filler content, the tensile strength rose and fell. 

Best results were shown at around 0.5 wt% filler content. More tests with varied filler content 

around 0.5 wt% could produce enough data to create a mathematical relationship, presumably a 

polynomial relationship between filler content and tensile strength. In the case of Young’s modulus 

and filler content, a similar trend was found, as shown in Figures 28 and 29, with less curvature, 

and hence no different conclusions can be drawn.  
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Figure 26. Tensile strength of carbon fiber graphene nanocomposite  
with various filler contents 

  

 
 

Figure 27. Tensile strength of carbon fiber silanized graphene nanocomposite  
with various filler contents 
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Figure 28. Young’s modulus variation of carbon fiber graphene nanocomposite  
with various filler content 

 

 
 

Figure 29. Young’s modulus variation of carbon fiber silanized graphene nanocomposite  
with various filler contents 
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Figure 30 combines all the crucial characteristics investigated and analyzed by the tensile 

test for base, pristine graphene, and silanized graphene nanocomposites at various percentages of 

filler content. This figure shows the distinct variation produced by the graphene and silanized 

graphene, and also provides a great illustrative comparison with the base. Nevertheless, the 

Young’s modulus trend in both cases provides a better visual recognition.  

 
 

Figure 30. Tensile strength and Young’s modulus comparisons of effect of graphene 
 and silanized graphene inclusions on nanocomposite 

 
Figure 31 shows the comparative fracture mode of different CFRP composites. It is clear 

that composites based on GNP/SGNP fracture parts and sizes are different than the base 

composites. The base material, shown on the far left of Figure 31, indicates a neater brittle-like 

fracture mode; however, nanocomposites, particularly 0.5 wt% SGNPs, show an extensive amount 

of deformation and delamination, suggesting a combination of fracture mechanisms acting during 

the failure. The right side of Figure 32 provides a better view of the fracture surface of 0.5 wt% 
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SGNP CFRP composites. In addition, the right side of Figure 32 shows 0.25 wt% nanocomposite 

fracture modes, where the 0.25 wt% SGNP composite had more fracture surface area than the same 

wt% of PGNP composite. The distinctive crevice formed at the midsection of 0.25 wt% SGNP 

composite refers to the improved material’s resistance to failure, in comparison to the PGNP 

composite. 

 

Figure 31. Comparison of test coupons after tensile test suggesting different failure mechanisms  

 

        

Figure 32. Test coupons showing fracture modes: fracture surface of 0.25 wt% graphene (top 
left) and silanized graphene (bottom left); fracture surface of 0.5 wt% silanized graphene (right) 

Mechanical properties of fiber-reinforced composite materials highly depend on the extent 

of load transfer between the matrix and the fiber. The direct impact of functionalization of 

graphene nanoparticles on the mechanical properties can be evaluated by the measurement of the 
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tensile strength, Young’s modulus, and strain to failure. Another proof of the strong reinforcement 

effect of the silane-functionalized graphene is in the better flexibility of graphene. The result seems 

to be contradictory to the general phenomena for conventional fiber-reinforced composites. 

Typically, it is thought that the elongation to failure drops greatly in the case of short fibers 

impregnated in the resin, since these short fiber interlock with the resin and subsequently impede 

polymer chain movement. As a result, due to less movement of the polymer chains, the energy 

cannot be dissipated resulting in crevice formation and eventual material failure [46]. 

However, in this research, the high elongation or strain demonstrated by the graphene oxide 

(pristine and functionalized), shown in Figures 19 to 21 indicates a unique feature of high 

flexibility due to the elastic behavior of nanomaterials with a very high aspect ratio during loading. 

This behavior is very different than with regular short fibers used as reinforcement, which actually 

creates an inflexible, brittle nature network providing less room for elongation or strain. It can be 

assumed that the single layers of graphene oxide with a high flexibility can twist and, in some 

cases, tangle with each other, thus allowing a significant level of stretching capability. Hence, a 

system of graphene sheets, strongly interconnected with the matrix at the molecular level with 

cross-linked polymer chains will definitely lead to continuous absorption of energy during loading, 

and as a result increased elongation can be expected. A high percentage of graphene or silanized 

graphene content considerably increases the viscosity that has already been observed during the 

manufacturing process, and it creates a greater chance of micro-level air bubble entrapment during 

the fabrication process. A greater amount of porosity, even at the microscale, can cause a greater 

discontinuity and a drastic reduction in the material’s strength, which is actually observed for 

1 wt% graphene inclusion [46].   
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The mechanical properties of fiber-reinforced composites mainly depend on the load 

transfer between the matrix and the fiber. The interfacial region is critical to control the load 

transfer from the matrix to the filler material, and as a result critically influences the fracture 

behavior of composites [47].   

A small improvement in ductility and toughness of the pristine and silanized graphene 

0.25 wt% and 0.5 wt% filler content can be explained by the energy dissipation at the interface 

between the particles and matrix [48].  Due to the weak van der Waals forces and high aspect ratio, 

the pristine graphene particles attract each other and thus agglomerate. Such agglomeration results 

in localized clusters of nanoparticles that eventually leads to nanoparticle-rich and nanoparticle-

poor regions in the resin system. As a result, the polymer molecules can move freely by creating a 

better chance of elongation [49].  

The pristine graphene agglomeration in the epoxy composites can lead to crack initiation 

because of increased porosity, and the cracks can propagate easily. Consequently, reduced strength 

of graphene-based nanocomposite was reported for the 1 wt% filler inclusion. Conversely, a 

system enriched with better-dispersed silanized graphene, particularly for 0.25 wt% and 0.5 wt% 

enrichment (Figures 23 and 30), efficiently transfers load from the matrix to the fibers, in 

comparison to a system with aggregated particles. In this research, experimental results show a 

small improvement in tensile modulus (Figures 25 and 30). A number of reasons can be attributed 

to these results. For a greater stiffness, a very strong interfacial bond between filler materials and 

the surrounding matrix is essential. In the tests in this research, low and high levels of graphene 

inclusions in the matrix could not promote better bonding between these nanoparticles and the 

matrix. Thus, the interfacial bond between the pristine graphene and the polymer graphene in this 

study was weak; eventually the load transfer from the polymer to the sheets, or vice-versa, was not 
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large enough to carry a larger amount of load. In addition, during the loading process it can be 

assumed that debonding occurs between a large numbers of graphene nanoparticles from the resin, 

thus resulting in a lower modulus of elasticity than was essentially found in greater nanomaterial 

inclusions. On the other hand, due to weak van der Waals forces that exist between the graphene 

sheets, graphene eventually agglomerates, and the agglomeration causes slipping between the 

sheets, which results in lower stiffness of the nanocomposites. Graphene sheets have a high aspect 

ratio, due to the higher surface area, and also influence the van der Waals forces, where these 

sheets are subjected to twisting and wrinkling. Although upon loading the graphene sheets are 

expected to extend and rotate in the direction of loading for maximizing the reinforcement effect, 

it could be concluded that due to the wrinkled graphene, the reinforcement effect was reduced, 

essentially reducing the tensile modulus [49].   

The polymer chain mobility of the graphene nanocomposite was severely restricted 

because of poor dispersion.  The effective reinforcement basically depends on the higher modulus 

and strength of the nanofillers, and a very strong and robust interfacial adhesion between the 

nanofillers and matrix due to the high aspect ratio of nanofillers. Shen et al. [50] reported that a 

nonuniform dispersion of nanofillers in higher-loading systems can be attributed to the acoustic 

cavitation, which is one of the major parameters for nanoparticle dispersion under low content. An 

increased number of voids is also responsible for decreasing the strength. The decrease of strength 

at a higher content (for this study 1 wt%) of graphene nanoparticles can be explained by a number 

of reasons. The properties of graphene nanoparticles are enormously different between the nano 

range and the micro range. The superior mechanical strength of graphene drastically degrades from 

the nano scale to the micro scale. Due to agglomeration, graphene nanoparticles evolve to a 

micrometer-size filler with a relatively lower surface area than the nanosize particles. The 
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graphene nanoparticles agglomeration creates a vital restriction for polymer resin to flow during 

curing. As a result, holes and voids form between the graphene and epoxy interphase, leaving the 

nanocomposite with reduced strength and elastic modulus. At a very high level of graphene 

nanoparticle content, such as 1 wt%, the agglomeration of graphene sheets and restriction of 

polymer chains causes the enhancement of composite brittleness.  

In the micromechanical models of graphene nanocomposite proposed by Halpin-Tsai or 

Mori-Tanaka [50], the aspect ratio of graphene nanoparticles is a vital factor for reinforcement. 

Gao and Li used the shear-lag model [51], which is based on equations (1), (2), and (3), can be 

useful in understanding the reinforcing ability of nanofillers in polymer composites in terms of 

their load-transfer efficiency:  

  𝜎𝑓 = 𝐸𝑓 𝜀 [1 − (
cos ℎ (

2𝑥𝜆𝛼

𝑙
)

cosh(𝜆𝛼) 
)] (1) 

                                                                  𝜏𝑖 = [
sin ℎ (

2𝑥𝜆𝛼
𝑙

)

cosh( 𝜆𝛼)
]                                                                 (2) 

                                                                      𝜆 = [
4 𝐺𝑚

𝐸𝑓 ln 𝛷𝑓
]0.5                                                                    (3) 

where σf is the load transfer efficiency, 𝜏i is the interfacial shear stress along the filler length, Ef is 

the filler modulus, 𝜀 is the strain applied, x is the distance from the center of filler, 𝛼 is the filler 

aspect ratio, Gm is the shear modulus of the matrix, and 𝛷𝑓 is the filler volume fraction. From the 

equations, it is evident that the load transfer efficiency is directly proportional to Ef, the elastic 

modulus of graphene, and 𝛼-, the graphene aspect ratio. From the photographs shown in Figure 32 

and the SEM analysis shown in Figures 34 to 37, it can be seen that the base composite panels had 

a smooth fracture surface because of the brittle failure of the epoxy matrix without any nanofillers 

[50, 51].  
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With higher filler content (about 1 wt% or higher), resin viscosity increases; as a result, the 

resin cannot flow throughout the composite properly, which leads to poor intra- and inter-laminar 

fiber wetting. Consequently, the weak interfacial bonding causes frequent and easy delamination 

as well as fiber-matrix debonding upon loading. In contrast, silanized graphene, due to its 

molecular nature that disperses well in the resin, can produce a better interfacial interaction 

between the epoxy resin and the carbon fibers. During the manufacturing process, as a result of 

the reaction between the hardener and the modified epoxy (enriched with graphene nanosheets), 

polymerization begins. In the polymerization process, some carbon chain ring openings occur, 

mainly from the –OH parts (Figure 8), and as a result, the crosslink reaction creates an interlocking 

structure in the resin blend mainly because of covalent bonds. These crosslinked polymer chains 

and bonds create a restriction for free polymer chain movement in the system [52]. 

The improved tensile strength of silanized graphene can be attributed to its high dispersion 

in the resin and also holding the nanomaterials integrity even after the curing process. Since, the 

silanized graphene’s properties were not compromised by avoiding agglomeration during the 

manufacturing process, silanized graphene plays a vital role in load carrying, which was reported 

for 0.25 wt% and 0.5 wt% inclusions. Uniform dispersion, polymerization, and cross-linking 

produced the mechanical interlocking mechanism between the fiber and matrix, which was bridged 

by the effect of silanized graphene. As a result, the overall mechanism ensured more load-carrying 

capability of the nanocomposite. At the critical stage during tensile loading, the matrix failed first 

due to its lowest modulus and strength. Afterward, the crack started propagating. At some point, 

the silanized graphene blocked the crack propagation and thus increased the load-carrying 

capability. However, the networks of graphene nanosheets helped to transfer the load from the 



 

63 

cracking matrix of fiber. The bridging effect of the nanosheets significantly increased the 

material’s strength [52]. 

Reinforcing effects mainly depend on the intrinsic structure of graphene oxide nanosheets. 

The effectiveness may be limited by problems with interfacial adhesion and spatial distribution of 

the filler. In addition to the high and stable dispersion of nanoparticles, the alignment of nanofillers 

in the resin also played a vital role for improved reinforcement along with the fiber [9]. From these 

experiments, it can be assumed that the silanized graphene nanocomposite was strongly bonded 

with the resin, thus producing better results than pristine graphene oxide nanocomposite, as shown 

in Figure 33. 

 
 

Figure 33. Schematic illustration of nanomaterials bonding in epoxy resin [10], where silanized 
graphene particles are fairly distant from each other, unlike pristine graphene particles 

 
The pristine graphene oxide after agglomeration creates fractal-like structures with micron-

level size. Such aggregation is detrimental which reduces the effective aspect ratio of the 
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nanosheets, and eventually reduces the stress transfer efficiency. As a result, the reinforcing effect 

drastically reduced for the pristine graphene [9]. 

For the neat composites, the crack can propagate easily and thus we can see a smooth load 

displacement curve from Figure 18. The high tensile strength and modulus of silanized graphene 

could be for several reasons. Functionalized graphene, in this case, silanized graphene has a 

coating of silane moieties on the graphene surface (Figure 7). As a result, the van der Waals forces 

in between the silanized graphene sheets is minimized. A well stable dispersed silanized graphene 

sheets can be stacked in the resin, and upon loading can stretch or twist with the matrix, since they 

adhere strongly. The wrinkled surface that can provide more interaction site for the epoxy reaction 

can create multiple cross-linking bond. Consequently, a strong interphase bond was established 

between the silanized graphene and epoxy resin. On the other hand, the distortions of silanized 

graphene sheets caused by functionalization added with their extremely small thickness resulted 

in a wrinkled topology of the nanoscale. Thus, maintaining a nanoscale even in the matrix enhances 

mechanical interlocking with the polymer chains, and essentially restricted the crack growth. 

During deformation, silanized graphene that already made a strong nanosheets/matrix interface 

can effectively facilitate stress transferring efficiency to resist the crack propagation (Figure 33). 

The effect of silanized graphene is later found in the greater tensile strength and improved modulus 

in case of 0.25 wt% and 0.5 wt% filler contents [23].  

The tensile strength was due to the strong interfacial interaction of hydroxyl and amino 

groups between the silanized graphene and matrix. The elongation at break of the silanized 

graphene nanocomposites decreased in contrast to the pristine graphene oxide due to the strong 

dipolar interaction between the filler and the epoxy resin. The polar-polar interaction between the 
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silanized graphene and the epoxy significantly increased the interfacial adhesion force that 

eventually translated to the high stiffness of silanized graphene nanocomposite [42].   

4.5 SEM Analysis 

The SEM images obtained from the base, graphene and silanized graphene at different 

weight percentage are shown in the Figures 34-37. The SEM image of the base composite shows 

a neat view of the fractured surface. From Figure 34, it is clear that the base composite panel fibers 

are only enriched with the cured epoxy parts. 

 
 

Figure 34. SEM image of base sample of carbon fiber polymeric composite 
 

The red circles distinctively represent some useful information on the surface morphology 

and the fracture surface of the base composite. Top and bottom right red marked zone shows the 
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unidirectional fiber orientation and the associated epoxy resin parts. The remaining marked zone 

actually shows the fractured surfaces of the base composite. The revealed surface shows proper 

enrichment of epoxy resin in between the fibers. This actually again proves the adopted processing 

and manufacturing reliability of the study.  

Figure 35 shows the SEM images for the 0.25 wt% graphene and silanized graphene 

included carbon fiber nanocomposite. A close observation for graphene nanocomposite shows 

agglomerated graphene on the top of the epoxy coat for several places. The larger aggregated 

graphene are marked in the red zone in Figure 35 (top). In contrast to the graphene nanocomposite, 

the Figure 35 (bottom) shows the surface morphology of the silanized graphene nanocomposite. 

From the image, it’s evident that this case, two distinct phases can be identified. The phases are 

marked by red and blue zones. 

The red marked zone refers to the epoxy parts, and the blue marked zone refers to the 

delaminated fiber parts. There is no evidence of the large graphene deposition or smaller flakes of 

separated graphene. Moreover, the illuminated epoxy in contrast to the same epoxy observed in 

the base, suggests better conductivity of the scanning electron that could be inferred as the presence 

of conductive silanized graphene. The silanized graphene essentially exfoliated or infused greatly 

with the epoxy, leaving no trace of individual identification. 
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Figure 35. SEM images of 0.25 wt% graphene (top) and 0.25 wt% silanized graphene (bottom) 
enriched carbon fiber nanocomposites 

 
The SEM image for 0.5 wt% graphene (Figure 36) shows more graphene agglomeration 

than 0.25 wt% graphene included composite surface (Figure 35). The segregated and clustered 

graphene are marked by the red zones. The agglomerated graphene maximum size found is about 

a couple of micrometer. Interestingly, a large number of amorphous epoxy particles also observed, 
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in this case, suggesting a lower bonding and fewer polymer networks with more localized 

segments.  

 
 

Figure 36. SEM images of 0.5 wt% graphene (top).and 0.5 wt% silanized graphene (bottom) 
enriched carbon fiber nanocomposites 
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In contrast, even at a higher magnification the 0.5 wt% silanized graphene shows larger 

sized epoxy parts (marked blue) instead of smaller discontinuous powder shaped parts found in 

the pristine graphene nanocomposite image.  

In addition, similar of Figure 35 (bottom) for 0.25 wt% silanized graphene, we found a 

brighter region at the fractured part on the big chunk of an epoxy part. Hence, we may similarly 

conclude, even in a higher percentage of silanized graphene has the capability to infuse greatly in 

the epoxy, and consequently making a strong bridge between the polymer networks. 

A striking amount of segregated, agglomerated and cluster type graphene is found in the 1 

wt% graphene nanocomposites SEM image. The Figure 37 (top) red and blue marked zone 

comparatively shows the difference of epoxy parts and agglomerated graphene parts. The 

continuous chunk of graphene or epoxy coating was less visible on the surface, but a numerous 

fragmented part is seen. There are of different micrometer sized particles throughout the entire 

surface identified. However, the red marked zone show a couple of sites enriched with aggregated 

graphene. In contrary, even at higher magnification the 1% silanized graphene (Figure 37 bottom) 

does not show such amount of isolated, aggregated and clustered graphene parts. 
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Figure 37. SEM images of 1 wt% graphene (top) and 1 wt% silanized graphene (bottom) 
enriched carbon fiber nanocomposites 
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4.6 DSC Analysis 

The DSC analysis produced a set of results that was used to find out the crystallinity of the 

polymer. The significant shifting of the melting temperature was a substantial lead of changing 

viscoelastic alteration of functionalized graphene nanocomposites from pristine graphene 

nanocomposites. Figure 38 summarizes the tests performed for all the composites investigated. 

 
 

Figure 38. Comparison of all the DSC curves obtained from base, graphene and silanized 
graphene nanocomposites at different percentage filler content 

 
The distinct melting peak and the recrystallization peaks for the carbon fiber based epoxy 

composite and nanocomposites are shown in Figure 38. The operating range was from 400C to the 

maximum of 4000C. The shifting of the melting peak for the nanomaterials inclusion observed 

from the DSC curves. However, the recrystallization temperature did not largely affected by the 

inclusion, since the peaks closely appear at around 3400 C. 
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The closer look of melting peak is shown in Figure 39, where we can see that base material 

showed the lowest amount of melting temperature, in contrast to the other nanocomposite except 

for the 1 wt% silanized graphene.  

 
 

Figure 39. Shift of the melting temperature from the base sample for graphene and silanized 
graphene nanocomposites at different percentage inclusion 

 
The Figure 40 explains the melting temperature shifting for the pristine graphene inclusion 

in the composite materials. It is evident that the melting temperature increased proportionally with 

the increased amount of graphene inclusion. However, the melting peak was not sharp like the 

base composite but rather spread over a higher temperature range eventually resulting a higher 

enthalpy for fusion as well as crystallinity.  
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Figure 40. Shift of the melting temperature for the graphene nanocomposite at different 
percentage inclusion 

 
From Figure 41, it is evident that incorporation of silanized graphene produced a thermal 

effect that eventually translated into melting temperature increment for the silanized graphene-

based nanocomposite. For 0.25 wt% and 0.5 wt% silanized graphene inclusion the melting 

temperature changed proportionally, however, the 1 wt% silanized graphene inclusion produced 

an anomaly to the trend observed even considering the graphene inclusion case. A notable 

observation contrary to the pristine graphene case is the peak sharpness found even better than the 

base materials. This indicates a better crystallinity compared with the pristine graphene. The 

enthalpy of fusion calculation can using the TA software can be found in the Appendix B. 
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Figure 41. Shift of the melting temperature for the silanized graphene nanocomposite at different 
percentage inclusion 

 
Pure epoxy polymeric composite, i.e. without any carbon fiber has a melting enthalpy of 

81 J/g [53]. Using the universal analysis software, from the DSC curves, the melting temperature 

was measured and plotted in Figure 42. Additionally, integrating the melting peak, the heat of 

fusion also measured for each case of CFRP composites. The equation applied here is:  

Degree of Crystallinity = 𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 ℎ𝑒𝑎𝑡 𝑜𝑓 𝑓𝑢𝑠𝑖𝑜𝑛 

𝐻𝑒𝑎𝑡 𝑜𝑓 𝑓𝑢𝑠𝑖𝑜𝑛 𝑓𝑜𝑟 100% 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙×𝑤𝑒𝑖𝑔ℎ𝑡 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛
 

Here, the weight fraction for the study was about 40%. Thus, we calculated the degree of 

crystallinity or the % crystallinity. Then the values plotted in Figure 42, and from the figure it is 

clear that a high percentage (1 wt%) of the pristine graphene or silanized graphene can improve 

the crystallinity by a very small amount. Generally, the crystallinity did not largely affected by the 

0.25 wt% and 0.5 wt% pristine graphene inclusion. However, the 0.5 wt% silanized graphene 
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actually improves the crystallinity by 2.32%. Although, 1 wt% silanized graphene reduced the 

melting temperature but happened to increase the crystallinity, but because the peak was spread, 

there could be some error involved with the measurement. Thus, it cannot be concluded that the 1 

wt% silanized graphene effectively improved the crystallinity greatly. Interestingly, there was a 

maximum 200C melting temperature shift observed for 1 wt% pristine graphene inclusion, whereas 

it also improved the crystallinity by 1.5%.  

 
 

Figure 42. Effect of the graphene/silanized graphene inclusion in the CFRP on the crystallinity 
and melting temperature 

 
4.7 DMA Analysis 

The change of storage modulus of the epoxy based composite incorporated with different 

level of nanoinclusion is shown in Figure 43. The illustrative figure clearly shows the variation 

occurred for graphene and silanized graphene suggesting there were a notable thermal 

characteristic change of the nanocomposites from the base material.  

142
147

157.96
146.89

160.33 162.71

139

17.28 17.04 17.59 17.19
19.60 19.05

25.71

10.00

15.00

20.00

25.00

30.00

35.00

40.00

30

50

70

90

110

130

150

170

BASE 0.25%
GRAPHENE

0.25%
SILANIZED
GRAPHENE

0.5%
GRAPHENE

0.5%
SILANIZED
GRAPHENE

1%
GRAPHENE

1%
SILANIZED
GRAPHENE

%
 C

ry
st

al
lin

ity

Te
m

pe
ra

tu
re

, T
m

 (C
)

Graphene Inclusion Effect on the Crystallinity

MELTING TEMPERATURE % Crystallinity



 

76 

 
 

Figure 43. Comparison of the storage modulus variation with temperature for base, graphene and 
silanized graphene included nanocomposites 

 
In Figure 44 the horizontal axis is the temperature and the vertical axis is the loss modulus. 

With the temperature rise, the loss modulus decreased rapidly at a certain temperature. From the 

Figure 44 it is clear that all the curves shifted from the base towards the right, making a similar 

trend with the storage modulus curve of Figure 43.  
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Figure 44. Comparison of the loss modulus variation with temperature for base, graphene and 
silanized graphene included nanocomposites 

 
Figure 45 shows the variation of Tan delta curves for different composites with varying 

temperature. For some composites, there are broader peaks, and also with shoulder type spread. 

The functionalized graphene with better dispersion and adhesion with the polymer by chemical 

bonding created such improved energy dissipation capability, which eventually translated into a 

different shape of the tan delta curve compared with the base composite. Similar to the previous 

cases of the storage modulus and loss modulus changes with the temperature, in this case, the tan 

delta curves for different filler content composites shifted to the right. Since, the peak of the curve 

has referred the glass transition temperature, hence, from the base all the other composites glass 

transition temperatures actually improved at varying range. 
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Figure 45. Comparison of the tan delta variation with temperature for base, graphene and 
silanized graphene included nanocomposites 

 
The pristine graphene inclusion effectively increased the materials property to operate at 

an elevated temperature range, i.e. it actually increased the glass transition temperature. From 

Figure 46, it is clear that 0.25 wt% graphene content improved the Tg greatly comparing the other 

two percentages. Usually, the Tg is the intersection of the slopes of the storage modulus in the 

region it falls. In all cases of the percentage of pristine graphene, the viscoelastic property of the 

composite enhanced significantly by the improvement of the Tg.  
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Figure 46. Comparison of the storage modulus variation with temperature for base and graphene 
included nanocomposites 

 
In contrast to the pristine graphene inclusion, the silanized graphene in different level 

improved greatly the glass transition temperature of the CFRP composite. From Figure 47, it is 

evident that the Tg for 0.25 wt% silanized graphene incredibly increased from the base composite. 

The improvement for 0.5 wt% silanized graphene inclusion is also outstanding comparing the base 

and pristine graphene-based nanocomposites. At all levels of the silanized graphene 

nanocomposite, the Tg improved promisingly.  
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Figure 47. Comparison of the storage modulus variation with temperature for base and silanized 
graphene included nanocomposites 

 
The glass transition temperature can be measured from the maximum point or the peak of 

the tan delta curve. Tan delta is the ratio of the loss modulus to the storage modulus. From Figure 

48, it can be concluded that for a very low level and high level of pristine graphene inclusion 

enormously increase the Tg. For 0.5 wt% pristine graphene inclusion, Tg from the tan delta curve 

was not very different, but nature of the curve was distinctively different from the others.  
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Figure 48. Comparison of the tan delta variation with temperature for base and graphene 
included nanocomposites 

 
Unlike the pristine graphene nanocomposites, the silanized graphene nanocomposites at 

different percentage content level improved the glass transition temperature found from the tan 

delta curve (Figure 49). The best result observed for 0.5 wt% silanized graphene nanocomposite 

which actually agrees with the tensile test results, effectively referring the simultaneous 

improvement of strength and viscoelastic properties of the CFRP composite. The broader glass 

transition peaks and the shoulders, particularly for 1 wt% silanized graphene can be explained by 

several reasons. 
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Figure 49. Comparison of the tan delta variation with temperature for base and silanized 
graphene included nanocomposites 

The first assumption is the silanized graphene may have actually enhanced the cross-

linking reactions between epoxy and hardener resulting a restricted movement for the polymer 

chains. Secondly, the silanized graphene and epoxy equipped with the covalent bonding promoted 

energy dissipation from the matrix to the silanized graphene, thus increasing the loss modulus and 

a broader tan delta peak [35].  

Figure 50 shows the difference of the glass transition temperature measured from the 

storage modulus and tan delta curves. Interestingly, for 0.5 wt% graphene inclusion, both the 

temperature closely matched. However, in all other cases, the Tg found from the tan-delta is higher 

than the storage modulus finding.  
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Figure 50. Comparison of the glass transition temperature, Tg from both storage modulus and tan 
delta for the base, graphene, and silanized graphene nanocomposites 

 
Figure 51 summarizes the effect of pristine and silanized graphene inclusion on the 

viscoelastic nature of the CFRP composites. First of all, the figure suggests that for pristine 

graphene or silanized graphene, the glass transition temperature increased consistently. However, 

there was an enormous increase of 19.550C Tg observed for the 0.25 wt% silanized graphene 

incorporation. About 8.640C improvement observed for 0.5 wt% silanized graphene, and for 1 

wt% silanized graphene there was a small improvement of 2.510C achieved. Interestingly, the 

pristine graphene nanoinclusion also improved the Tg but was not extensive like the silanized 

graphene.  
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Figure 51. Effect of the graphene and silanized graphene inclusion at different weight percentage 
on the glass transition temperature, Tg 

The glass transition temperature shifted for silanized graphene considering the tan-delta is 

about 26.270 C for 0.5 wt% inclusion. This Tg improvement actually agrees with the tensile test 

results, reinstating the simultaneous improvement of mechanical and viscoelastic properties of 

CFRP composite. The minimum shift reported is about 18.660C for 1 wt% silanized graphene 

nanocomposite. However, for the pristine graphene inclusion, the highest Tg shift found for Tan-

delta is about 22.320C for 0.25 wt% filler content. Interestingly, none of the Tg for 0.5 wt% pristine 

graphene improved from the base by a greater extent. The Tg measured values can be found in the 

Appendix C. 

The dynamic properties of the composite reflect its capability of storing energy as the 

elastic energy that we refer as the storage modulus, and the energy dissipated during the 

mechanical strain that we refer as the loss modulus. These properties are highly affected by the 
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existence and the geometrical characteristics of the reinforcing nanofillers used, as well as their 

dispersion in, and adhesion with the matrix [9, 47, 54].   

In this study, it is observed that the silanized graphene for 0.25 wt% and 0.5 wt% cases 

exceeded the Tg temperature from the pristine graphene by the same amount inclusion, and also 

by the base composite. Several reasons can be held responsible for such results. Pristine graphene 

in the epoxy agglomerated that is confirmed from the cluster observed in the SEM images (Figure 

36-38). Such clustering leads to the graphene-rich and graphene-poor regions [49, 55], which made 

the polymer molecules to move comparatively easily, and the enhanced viscous flow produced a 

smaller Tg shift contrary to the silanized graphene CFRP composites. On the other hand, since, 

the pristine surface energy is much higher than the silanized graphene, upon loading the sheets 

twisted more and also getting thicker, consequently reducing the surface area of contact with the 

polymer. The effects translated into a lower Tg shift for pristine graphene than the silanized 

graphene CFRP composite. Even with the wrinkled structure and high surface area of the silanized 

graphene, nevertheless, it produced strong interfacial interactions with the polymer chains and 

caused a higher thermal stability and better properties than the pristine graphene CFRP composites 

[56].  

It is believed that the functionalized nanomaterials have the ability to affect the curing rate 

by altering the maximum exothermic heat flow [57]. Smith GD et al. from their molecular 

dynamics study already suggested similar effects, where it was referred that the polymer mobility 

can be altered due to the geometric constraints at the nanofiller surfaces [58]. Thus, in the silanized 

graphene CFRP composite, a better dispersion of nanosheets resulted in a significant interphase 

zone surrounding each sheet where the mobility of the matrix polymer actually constrained. 

Although, these mobility effects found to be gradually decreasing with the distance from the 
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interface [59], but the strength of the interface region of the polymer chains with the changed 

mobility can be influential up to tens to hundred nanometers from the interface [60]. Consequently, 

a large volume of polymer with a significantly different viscoelastic behavior emerges. As a result, 

the viscous flow of the polymer at elevated temperature was impeded, and the glass transition 

temperature extraordinarily increased [8-9].  

The incredible amount of Tg observed in this study is not frequent in the comparative 

studies but not unusual either. There have been a number similar results reported by other 

investigations that actually reaffirm the conclusion from this study. Ramanathan et al. in their study 

reported a striking 400C of Tg temperature at only 0.05 wt% loading of TEGO for the TEGO/ poly 

(acrylonitrile) nanocomposites [8]. On the other hand, Salvagione HJ et al. from their study 

attained an unprecedented 350C shift in Tg by grafting GO on the surface of polyvinyl alcohol, 

PVA by esterification and incorporating with the bulk PVA as the matrix for the nanocomposites 

[61]. 

Although, there was a significant increase of the Tg observed for the silanized graphene in 

this study, however, it was not effective to increase the storage modulus of the composite [Figure 

44, 47-48]. Such, the anomaly can be explained by the incompatibility of the graphene or silanized 

graphene with the particular epoxy or hardener used. Her and Yeh [62] investigated the matrix 

stiffening effect on the nanofillers effectiveness. They used multi-walled carbon nanotubes, which 

is, in fact, a derivative of the graphene (Figure 3), as the nanofiller. They changed the mixture ratio 

between the epoxy and hardener and added varying nanofillers. Subsequent three point bending 

and Shore’s hardness test were performed to measure the Young’s modulus and hardness of the 

composites respectively. From the experimental data gathered, they concluded the reinforcing 

effect of the multi-wall carbon nanotubes significantly decreased with the increasing matrix 
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stiffness. Later, Ci and Bai in their study also found the same effect [63]. Considering their 

references, it can be assumed that in this study, the matrix stiffness was not favorable for the 

pristine graphene or silanized graphene to materialize their reinforcing capability completely [64].  
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CHAPTER 5 

CONCLUSION 

 
 

Graphene with an extraordinary strength and low density is a promising filler material in 

carbon fiber-based polymeric composites. Due to its high surface energy and intrinsic nature, it 

could be highly compatible in a carbon-based polymeric matrix. It can affect the curing kinetics of 

the polymer, creating stronger bonds with the polymeric molecules, and subsequently could act as 

a greater stress transfer interface from the matrix to the carbon fiber [9, 53, 57]. However, 

graphene’s high surface energy poses the problem of agglomeration. The higher surface area 

conversely could be pivotal for making a strong interface with the polymer by allowing extended 

sites for chemical attachment, yet the related high surface energy is responsible for attracting 

surrounding graphene particles as well. The buildup of graphene nanoparticles leads to 

accumulation, resulting in an increase in particle size. Obviously, particle size greatly influences 

the mechanical properties of composite material [50-51]. Particle size also affects the reinforcing 

capability of the filler materials. From nano to larger sizes, particle size and shape actually 

negatively affect the strength of the composite by producing a weaker matrix-filler interface. To 

avoid particle aggregation, the surface energy of graphene needs to be minimized [7-10]. Attaching 

different chemical agents on the surface of the pristine graphene effectively reduces the surface 

energy. Hence, silane molecules are useful to chemically modify the graphene structure to avoid 

agglomeration.  

Silane attached on the graphene surface results in a lower surface energy, consequently 

resulting in a better dispersion of graphene into the epoxy medium. The highly dispersed and stable 

functionalized graphene can be infused homogeneously into the epoxy resin. Functionalized 
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graphene has the capability of enduring high deformation and wrinkling during loading, which 

provides flexibility, thus enhancing more load-carrying capability [5-10, 20-36]. 

 On the other hand, relative to the nanosize range, functionalized graphene has the 

capability to increase the mechanical interlocking with polymer chains. As a result, the polymer 

chain movement is restricted and results in a higher modulus. In addition, restricted polymer 

movements allow the nanocomposites to operate at an elevated temperature without degrading the 

mechanical strength. The improvement here is due to the increase of the glass transition 

temperature. Thus, functionalized graphene adds significantly to the effectiveness of the graphene-

enhanced polymer composites, compared to the pristine counterpart [7, 9-10, 20-42, 44-50]. 

The main objective of this study was to successfully functionalize graphene oxide by silane 

molecules, characterize the silanized graphene nanocomposite, and investigate the effectiveness 

of the silanized graphene as a complementary reinforcement of carbon fiber. The functionalization 

effectiveness was confirmed by FTIR characterization (Figure 14). The emergence of new peaks, 

broadening of existing peaks with reduced strength, and elimination of peaks ensured the chemical 

alteration of graphene surface by the silane agents. The solubility of pristine graphene and 

functionalized graphene in ethanol also exposed the remarkable difference, thus reinforcing the 

success of chemical modification (Figure 16).  

Results obtained from the tensile test confirms silanized graphene’s superiority over 

pristine graphene for the improvement of CFRP composite strength (Figure 23). For 0.25 wt%, 0.5 

wt%, and 1wt% filler loading, the silanized graphene outperformed the pristine graphene by 

10.64%, 8.44%, and 16.71%, respectively, in the case of ultimate tensile strength improvement. 

Similarly, the modulus of elasticity also differed in the two types of composites (Figure 25). There 

were 7.35%, 9.97%, and 13.5% increases in the modulus for 0.25 wt%, 0.5 wt%, and 1 wt% 
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functionalized graphene, respectively, in contrast to the same amount of pristine graphene CFRP 

composites. However, even the functionalized graphene could not improve the mechanical 

strength of the CFRP composites at the 1 wt% loading, setting a practical limitation of high content 

graphene use.  

SEM images revealed the distinct surface morphological difference between the pristine 

and functionalized graphene CFRP composites (Figures 35–37). A large number of aggregated, 

isolated, and clustered graphene particles were found in the CFRP composites matrix, and matrix-

fiber interphase compared to the functionalized graphene CFRP composites with the respective 

amount of inclusion. Hence, SEM images strongly support the limitation of the pristine graphene 

agglomeration problem, having been solved by the functionalized graphene’s better dispersion 

mechanism.  

In addition to the mechanical properties, the viscoelastic properties of the functionalized 

graphene also varied from the pristine graphene CFRP composites. The viscoelastic tests, 

including DSC and DMA, resulted in increased melting temperature and glass transition 

temperature for functionalized graphene compared with pristine graphene. There were about 

10.960C and 13.440C increases in melting temperature reported for the 0.25 wt% and 0.5 wt% 

functionalized graphene, respectively, in comparison with the pristine graphene CFRP composites 

from the DSC analysis (Figure 42). Moreover, for 0.5 wt% silanized graphene, crystallinity 

improved by 2.41% over the same amount of pristine graphene-enriched CFRP composites.  

The DMA analysis showed a significant amount of improvement in transition temperature 

by the functionalized graphene CFRP composites (Figure 51). From the tan delta curve, it can be 

seen that functionalized graphene increased the Tg at about 12.710C and 4.330C for 0.25 wt% and 

0.5 wt% loading, respectively, in contrast to the same amount of pristine graphene content. Also, 
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the tan delta analysis, from the storage modulus curves, showed that 0.5 wt% silanized graphene 

resulted in a staggering 25.980C Tg increment over the pristine graphene CFRP composite. 

Considering these test results, it can be concluded that silanized graphene not only improved the 

mechanical strength of the CFRP composites but also promisingly improved the viscoelastic 

properties. Therefore, a sufficient amount of silanized graphene with an appropriate engineering 

technique can be highly useful for the improvement of thermal and mechanical properties of carbon 

fiber-based polymeric composites. 
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CHAPTER 6 

FUTURE WORK 

 
 

Silanized graphene could be useful in the effective reinforcement of other fiber-based 

composite materials, e.g., glass fibers or Kevlar fibers. Based on the conclusion from this study, it 

can be hypothesized that silanized graphene has the capability to improve the strength of other 

fiber-based polymeric composites. There could be some investigation of the compatibility of 

silanized graphene with different polymeric matrixes and fiber reinforcements. The mechanical 

property improvement with silanized graphene could lead to better fracture toughness and impact 

resistance. However, the dispersion of silanized graphene is still not quantifiable [9]. There is no 

reliable technique to effectively quantify the dispersion state of pristine graphene or functionalized 

graphene in the polymeric composite. An established characterization technique of dispersion of 

nanomaterials in a polymeric medium would lead to further modification of nanomaterials and 

their effective integration with conventional material.  

Graphene-based polymer composites have numerous applications in diverse fields. There 

has been promising development in the use of thin graphene oxide film in the electronic memory 

device [65]. Upon functionalization, graphene oxide could be used in conductive composites, 

which are free from metal or dopant, as the result of conductivity from chemically modified 

graphene. Conductive graphene has a greater potential for improving field effect transistors, [66], 

optoelectronic devices, solar cells [67], and energy-storage devices [68]. Although, single layers 

of graphene are about 98% transparent, they have extraordinary electrical conductivity. Hence, 

utilization of this advantage could be highly effective in photoexcitation and the diffusivity of 

conducting electrodes [69-71]. Graphene-based composites incorporated with polyaniline (PANI) 

have been reported to be a great energy storage material, resulting in a couple of times 
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improvement of specific capacitance [72-77]. Additionally, electrically conductive composites due 

to the use of graphene can be useful in the development of electromagnetic wave interference 

shielding and also in anti-static coatings [78]. Composite membranes formed by conductive and 

rugged graphene oxide could be highly useful in microelectromechanical applications [79]. 

However, similar composites have the capability to work as a self-healing material as well [80-

81]. The functionalized graphene oxide used in thermoplastics can reduce flammability. During 

the burning process, graphene oxide expands and also produces chemical byproducts, such as 

carbon dioxide, which actually acts as a flame retardant at high temperature [82]. Another 

important application of graphene-based nanocomposites could be in the development of 

biosensors [83-85]. Therefore, functionalized graphene has an exceptional capability of improving 

the mechanical, electrical, and thermal properties of polymeric composites, which obviously offers 

the opportunity for considerable research and development to create stronger and more-efficient 

materials.  
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APPENDIX A 

MATERIALS USED IN STUDY 
 
 

               
 

A.1. Materials used in study:  EPON 828 epoxy resin (left); Diethylenetriamine, 98+%,  
Bis-(2-aminoethyl)-amin, 98+% (middle), and [3-(2-Aminoethylamino)propyl]trimethoxysilane 

(right) 
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APPENDIX B 

DSC RESULTS 
 
 

 
 

B.1. Base composite heat of fusion calculation 
 

 
 

B.2. Graphene 0.25 wt% CFRP composites heat of fusion calculation 
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APPENDIX B (continued) 
 
 

 
 

B.3. Graphene 0.5 wt% CFRP composites heat of fusion calculation 
 

 
 

B.4. Graphene 1wt% CFRP composites heat of fusion calculation 
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APPENDIX B (continued) 
 
 

 
 

B.5. Silanized graphene 0.25 wt% heat of fusion calculation 
 

 
 

B.6. Silanized graphene 0.5 wt% CFRP composites heat of fusion calculation 
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APPENDIX C 

DMA RESULTS 
 
 

 
 

C.1. Base CFRP composites Tg measurement 
 

 
 

C.2. Graphene 0.25 wt% CFRP composites Tg measurement 
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APPENDIX C (continued) 
 
 

 
 

C.3. Graphene 1 wt% CFRP composites Tg measurement 
 

 
 

C.4. Silanized graphene 0.25 wt% CFRP composites Tg measurement 
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APPENDIX C (continued) 
 
 

 
 

C.5. Silanized graphene 0.5 wt% CFRP composites Tg measurement 
 

 
 

C.6. Silanized graphene 1 wt% CFRP composites Tg measurement 


