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ABSTRACT 

Different reinforcement materials have been added to thermoset polymers in order to improve their 

physical, mechanical, chemical or thermal properties. In the last few years, graphene oxide (GO) has 

received attention in the scientific community due to the functional groups attached to its basal plane 

which provides excellent bonding conditions with polymers in order to form composites with improved 

properties.  

In this research, GO was synthesized from pristine graphite flakes through Hummers method. Graphite 

and GO powder morphology were examined using scanning electron microscopy (SEM), Fourier 

transform infrared spectroscopy (FTIR) was used to corroborate the oxidation process through the 

presence of oxygen-based functional groups, X-ray photoelectron spectroscopy (XPS) was used to 

determine the elemental composition of GO and its carbon to oxygen (C/O) ratio. Composites were 

manufactured by the addition of different GO reinforcement loadings (0.1, 0.3, 0.5, 0.8, and 1.2 wt. %) 

to a bio-epoxy matrix using a solution mixing method.  The physical (density), mechanical (tensile and 

flexural), and thermal (thermal conductivity and glass transition temperature) properties were evaluated. 

In addition, analysis of variance (ANOVA) was performed to statistically analyze the mechanical 

properties and thermal conductivity of the composites.  

GO powder morphology was determined to be different from the morphology of graphite flakes. GO 

morphology was observed to have several layers with rough edges stacked on top of each other making 

GO to have a higher thickness in comparison to graphite. FTIR revealed the presence of different 

functional groups which confirmed the successful oxidation process. XPS was used to determine 

elemental composition of GO which was determined to be 69.58 % carbon, 29.84 % oxygen, and 0.57 

%  sulfur resulting in a C/O ratio of 2.3.  

For the bio-epoxy/GO composites, the experimental density was observed to increase with an increase 

in reinforcement loading. Similarly, the void content increased in the same way. The tensile and flexural 

properties experienced an improvement at low GO loadings of 0.1, and 0.3 wt. %. The maximum values 

were reached with 0.3 wt. % with an increase of 14.84, 13.20, 12.60 and 32.00 % for tensile strength, 

tensile modulus, flexural strength, and flexural modulus, respectively. Both tensile and flexural 

properties decreased when higher GO reinforcement loadings were added (0.8 and 1.2 wt. %). The 

thermal conductivity for GO reinforced composites was not significantly affected after the addition of 

GO with a maximum improvement of approximately 1 % when the reinforcement loading was 1.2 wt. 
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%. The glass transition temperature of the composites increased as the GO loading increased with a 

maximum increase of 5.8 ⁰C at 1.2 wt. %. Statistical analysis revealed the tensile strength, tensile 

modulus, flexural strength, and flexural modulus were significantly improved with the addition of the 

GO reinforcement to epoxy. Therefore, epoxy/GO composites have a potential application for structural 

purposes due to the improvement in mechanical strength. 
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CHAPTER 1 

INTRODUCTION 

1.1 Overview 

Due to technological progress in diverse fields of engineering during the last decades, some 

traditional materials have reached their performance limit. For this reason, composite materials 

have been developed by joining two or more constituents with different properties in order to 

obtain a new material whose properties surpass the properties of its constituents [1]. Moreover, 

composite materials often present better properties of either of their components [2]. Composites 

have two different components or phases. The first component is referred to as a reinforcement 

(e.g. fiber or filler), which is the strongest material in the composite as it carries most of the load. 

The second component is the matrix, which holds the fibers together, protects the fibers from the 

environment and helps distribute the load between fibers [3]. Composite materials offer different 

advantages in comparison to conventional materials in thermal, mechanical, electrical and 

chemical resistance [4]. 

In this research, a composite material was developed and tested to determine the improvement of 

its mechanical and thermal properties. Specifically, the developed composite material will have a 

bio-epoxy resin matrix, a widely used material for its mechanical and chemical properties [5]. On 

the other hand, the reinforcement will be graphene oxide (GO) particles due to their high dispersion 

index in different polymer matrices and mechanical strength. Although GO is used in diverse 

engineering fields, its thermal conductivity has not been characterized to a great extent [6]. 

1.2 Research objectives 

The main goal of this research work is to analyze the variation in mechanical and thermal 

properties of bio-epoxy/GO composites. To achieve this goal the following research objectives are 

proposed: 
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• To determine the chemical structure of the synthesized GO using Fourier transform 

infrared (FTIR) spectroscopy and X-ray photoelectron spectroscopy (XPS) to ensure GO 

was successfully synthesized. 

• To develop a composite manufacturing procedure to produce bio-epoxy/GO composites. 

• To determine the effects of GO reinforcement contents on the mechanical and thermal 

performance of the composite material. 

1.3 Thesis organization 

This thesis consists of five chapters. In Chapter 1, an overview of the topic, the research objectives 

and the thesis organization are presented. A literature review about composite material and testing 

methods are included in Chapter 2. The experimental methods and testing procedures used during 

this research work are presented in Chapter 3. In Chapter 4, the obtained results and analysis are 

presented. Lastly, a summary, conclusions for the research work and recommendations for future 

work are presented in Chapter 5.  
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CHAPTER 2 

LITERATURE REVIEW 

The literature review chapter begins by explaining the concept of composite materials and their 

classification. Then, the matrix used in this study is described. Subsequently, different carbon 

reinforced polymers are presented including a brief literate review about their characterization. 

Next, graphene oxide and its synthesis process are described. Finally, different studies of 

epoxy/GO composites are presented. 

2.1 Composite materials 

Composite materials are formed by the combination of two or more constituents to form a novel 

material with improved properties in comparison to the properties of its constituents [1, 2]. Two 

components can be identified in a composite material. The first one is the matrix which is the major 

component in a composite. The matrix maintains the reinforcement together, distributes the 

applied load to the reinforcements and protects the reinforcement from the environment. The 

second component is the reinforcement which is stiffer than the matrix and it carries most of the 

applied load [3].  

2.2 Composite material classification 

Composite materials can be classified according to their two constituents [7, 8], as shown in Figure 

2.1. Depending on the material which forms the matrix, composites can be classified as ceramic, 

metal or polymer matrix composite. On the other hand, based on the type of reinforcement 

composites possess, they can be classified as fiber, whisker or particle reinforced composites.  



4 

 

 

 

Figure 2.1. Classification of composite materials according their constituents. 

2.3 Composite material classification according to the type of matrix 

Based on the matrix material. Three categories of advanced composites can be differentiated and 

are defined as: ceramic-matrix, metal-matrix, and polymer-matrix, composites. 

 Ceramic-matrix composites (CMC) 

Ceramic-matrix composites are formed with a structural ceramic matrix (e.g. alumina, silicon 

carbide, silicone nitride, boron carbide or boron nitride) reinforced with a ceramic or a refractory 

compound dispersed phase [9]. The main disadvantages with ceramic materials are their brittle 

nature and poor fracture toughness which make these materials prone to catastrophic failure [10]. 
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In comparison to conventional ceramic materials, CMCs possess an improved crack resistance, 

greater thermal shock stability, strength, and erosion resistance at high temperatures due to the 

action of the reinforcement to hinder the crack propagation mechanism [11]. Additionally, CMCs 

are usually environmentally stable, lighter in weight in comparison to MMCs and have the ability 

to maintain their properties at high operation temperatures [12]. On the other hand, the most critical 

damaging mechanism in CMCs is matrix cracking since infiltration of oxidizing vapors can react 

with the composite’s constituents diminishing its overall strength [13]. CMCs are widely used in 

applications where reliability and stability at high temperatures are required. For example, this 

type of material is used to manufacture heat shields in aerospace, brake discs and gas turbine 

components [14].  

 Metal-matrix composites (MMC) 

Metal-matrix composites are constituted by a metallic matrix (e.g. titanium, magnesium, aluminum 

or iron) commonly reinforced with ceramic particles (e.g. alumina, boron carbide or silicon 

carbide) or other metals [15, 16, 17]. Metallic material reinforcements increase the resulting 

material’s yield strength, tensile strength, creep and wear resistance, fatigue strength at high 

temperatures, thermal shock resistance, Young’s modulus and weldability [16]. In addition, adding 

ceramic reinforcements generally reduces the coefficient of thermal expansion in the resulting 

composites [18]. Traditionally, MMCs are widely used in automotive application where ceramic 

reinforcements, such as silicon carbide or aluminum oxide, are blended with magnesium, 

aluminum or titanium [19]. Despite the mentioned advantages of MMCs, they generally show 

higher corrosion rates than traditional metallic materials due to the galvanic corrosion between the 

matrix and the reinforcement [20].  

 Polymer-matrix composites (PMC) 

Polymer-matrix composites are used in many fields of engineering due to their tailored specific 

properties whose mechanical properties depend on three factors: the tensile strength and tensile 

modulus of the reinforcement, the strength and chemical stability of the matrix and the 

effectiveness of the bonding between the matrix and the reinforcement when transferring a load 

[21, 22]. In recent years, PMCs are being used in many different applications within the field of 

aerospace, automotive, sporting goods, biomedical, construction and military [23]. This type of 
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material can be organized into two large groups based on whether the matrix is a thermoset or 

thermoplastic material, and in both cases reinforced with a stronger and stiffer material [23, 24]. 

In comparison to other materials, polymers offer the advantage of a lower density and good 

chemical resistance [24]. They also have a high damping factor to reduce vibrations and noise 

transmission, resistance to corrosion in comparison to metals and their design flexibility can be 

easily modified by changing the reinforcement type, length and arrangement [23]. Nevertheless, 

the use of polymers in various applications are limited to their low mechanical strength [25].  

2.4 Composite material classification according to the type of reinforcement 

Based on the reinforcement material, three different categories can be differentiated and are 

described as: fibers, whiskers or particle reinforced composite, as shown in Figure 2.2. 

 

Figure 2.2. Composite classification according to the type of reinforcement. 

 Fiber reinforcement 

Fiber reinforced composites consist of a matrix reinforced with axial structures (fibers) whose 

lengths are hundreds of times greater than their cross-sectional area [26]. Fibers usually occupy 

the smallest volume fraction in a composite, but transfers most of the load acting on the material. 

It is worth mentioning that fibers are stronger than the matrix material as they carry most of the 

applied load. Fiber orientation play a fundamental role in the resulting composite strength since it 

determines the amount of the load that fibers can carry [27]. One of the most important advantages 

of fiber reinforced composites is the uniform orientation of fibers along the composite’s 
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longitudinal axis making the resulting material to have the exact same properties along its length 

[28].   

 Whisker reinforcement 

Whisker reinforced composites consist of a matrix reinforced with elongated monocrystals which 

possess high strength [29]. These structures have a similar diameter when compared to fibers (0.1-

2 μm); however, their length is usually in the range from 10 to 100 μm [30], which make whiskers 

to have a much smaller length to diameter ratio [31]. For this reason, whiskers have lower defects 

making them much stronger than longer fibers made from the same material. The main 

disadvantage of whiskers is that they tend to arrange themselves in different orientations during 

the composite fabrication process making the composite anisotropic [32].  

 Particle reinforcement 

Particle reinforced composites are widely used due to the cost efficiency they offer as they replace 

part of the volume of the more expensive polymers (provided the particle material has a lower cost 

than the polymer) [33]. They generally consist of particles of a stiffer material homogeneously 

distributed in a matrix of lower mechanical strength [2]. Particles can have a spherical, disk or 

plate shape and possess a height to width relation of approximately one [34]. Particle 

reinforcements can be arranged into two different categories according to their size: large particle 

and dispersion-strengthened composites [35]. Large particle reinforcements usually cannot be 

analyzed in an atomic or molecular level due to the size of the reinforcement particle (> 100 nm). 

On the other hand, dispersion-strengthened composites possess particles with diameters between 

10 and 100 nm [36, 35]. 

2.5 Epoxy resin 

Thermoset polymers are popular for manufacturing composite materials for different applications, 

such as: aerospace industry, electronic packaging, automotive parts [37, 38, 39] due to their good 

bonding, adhesion to other surfaces or reinforcements/fillers and the absence of toxic or volatile 

fumes during their curing process [40, 41]. 
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Epoxy resins are a family of monomeric or oligomeric materials which react in order to form 

thermoset polymers with high chemical resistance, low cure shrinkage and acceptable mechanical 

properties [42, 43, 44]. The ability to modify most properties of epoxy by the addition of 

reinforcements and curing agents have given epoxy an outstanding versatility to meet different 

requirements [43]. In addition, due to its high reactivity, epoxy resins have been combined with 

glass, carbonaceous materials or other fibers to form composite materials with improved properties 

[45]. In comparison with other thermoset polymers, epoxy offers higher durability and operation 

temperature [46]. Traditionally, epoxy resin has been synthesized from petroleum [47, 48]. 

However, in the last few years, bio-based epoxy resins have been developed to reduce their impact 

on the environment [47]. 

 Petroleum-based epoxy 

Different studies have analyzed the incorporation of small particles of different materials in order 

to tailor petroleum-based epoxy resin for specific applications [49, 50, 51, 52, 53, 54]. For 

example, Liu et al. [49] concluded the addition of nano-silica as particle reinforcement to epoxy 

resin increased the flexural strength and modulus. Ito et al. [50] analyzed the addition of small 

amounts of silicone elastomer to rigid epoxy and observed reductions in the elastic modulus. Teh 

et al. [51] tested epoxy composites containing fused silica, glass powder and mineral silica. The 

researchers determined the addition of three different particle reinforcements increased the 

composite thermal stability and reached acceptable mechanical properties. Liu et al. [52] 

manufactured epoxy resin-silica hybrid composites. They concluded the manufactured composites 

exhibited high glass transition temperatures. Zhou [53] developed aluminum particle reinforced 

epoxy composites and concluded the addition of 38 % by volume of  the reinforcement improved 

the thermal conductivity of the material by 60 % when compared to pure epoxy. Chen and Ting 

[54] fabricated carbon fiber reinforced epoxy composites and tested the material’s thermal 

conductivity. They concluded the thermal conductivity increased by 200 % with a reinforcement 

of a 56 % by volume. The studies showed the addition of particle reinforcements to pure synthetic 

epoxy resin acted to modify the properties of the epoxy-based composites.  
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 Bio-based epoxy 

In the last few years, bio-based epoxy resin have been developed by replacing their components 

derived from the petrochemical industry with components obtained from renewable sources in 

order to reduce the carbon footprint and depletion of non-renewable sources [55, 56, 57, 58]. 

Different studies have been performed to develop bio-based epoxy resins by replacing a percentage 

of petroleum-based components by vegetable oil-based polymeric materials [55, 59, 60, 61]. For 

instance, Chrysanthos et al. [55] developed a bio-based epoxy resin by replacing diglycidyl ether 

of bisphenol-A (DGEBA) with isoborbide obtained from glucose. After performing DSC 

measurements to the novel bio-epoxy and a traditional DGEBA-based epoxy, the authors 

concluded isobordide based epoxy is a good candidate to replace DGEBA-based epoxies without 

reducing the performance of the material. Similarly, Miyagaya et al. [59] developed a bio-based 

epoxy resin by replacing up to 50 % of diglycidyl ether of bisphenol-F (DGEBF) with epoxidized 

linseed oil and soybean oil. In addition, the authors tested the synthesized bio-epoxy and concluded 

DGEBF could be replaced with up to 30 % epoxidized linseed oil or 50 % epoxidized soybean oil 

without affecting the tensile modulus and fracture toughness. In the same way, Park et al. [60] 

developed a bio-based epoxy by replacing DGEBA by epoxidized castor oil. The researchers 

concluded up to 40% of DGEBA could be replaced by epoxidized castor oil without affecting the 

glass transition temperature and fracture toughness. Likewise, Jin and Park [61] developed a bio-

based epoxy resin by replacing DGEBA with epoxidized soybean oil and epoxidized castor oil. 

The authors concluded up to 40 % and 60 % of DGEBA could be replaced by epoxidized soybean 

oil and epoxidized castor oil without affecting the glass transition temperature, respectively. The 

studies showed the use of epoxidized vegetable oils (e.g. linseed oil, soybean oil and castor oil) as 

a partial replacement of DGEBA or DGEBF is possible without compromising the epoxy resin 

properties. At this time, different bio-based epoxy resins are available on the market in order to be 

used for composite materials manufacturing, such as: SuperSap®, Chemset® ECO resin, 

Greenpoxy 33®, Denacol GSR®. These bio-based epoxy resins contain 31, 35, 35, and 30 % bio-

based content, respectively.  
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2.6 Characterization of composites reinforced with carbonaceous materials 

In this section, different mechanical (tensile, flexural and SEM fractured surface analysis), and 

thermal (thermal conductivity and Tg) characterization techniques for composite materials 

including carbonaceous reinforcements are described and reviewed.  

 Tensile test  

A tensile test is one of the common and fundamental mechanical testing techniques to 

mechanically characterize a material [62]. The results are one of the most important means for 

selecting materials for different engineering application [63]. In a tensile test, the specimen is 

gripped from its ends and a tensile force is applied to the specimen until it reaches its breaking 

point [64] while the tensile load is recorded as a function of the increase in the initial gauge length 

and initial cross-sectional area of the specimen [63]. Different parameters can be determined when 

performing a tensile test of a specimen, such as its tensile strength or modulus of elasticity [62, 

64]. 

A number of studies have analyzed the variation of tensile properties in polymer-matrix 

composites containing different types of carbonaceous reinforcements, such as carbon nanotubes 

(CNT), graphene, graphene oxide, and ground carbon fibers [65, 66, 67, 68]. For example, Liu et 

al. [65] developed carbon nanofibers reinforced polyurethane composites through a solution 

mixing method by including 0.5, 1.0, and 2.0 wt. % of the reinforcement in order to characterize 

their tensile properties. The composites were tested using a universal testing machine (Instron 

4466) with a strain rate of 5 mm/min. The authors observed the tensile strength and tensile modulus 

increased with the reinforcement loading reaching a maximum improvement of 115 and 650 % for 

composites with 2 wt. % of carbon nanofibers compared to the pure polyurethane, respectively. 

The authors concluded the improved tensile properties could be attributed to the addition of a 

stiffer material which was well distributed in the matrix. Likewise, Choi et al. [66] developed and 

characterized epoxy composites reinforced with vapor grown carbon nanofibers (VGCF) with 3, 

5, 7, 10, and 20 wt. % of the reinforcement using a solution mixing method. The composites were 

tested using a Shimadzu tensile tester with a strain rate of 1 mm/min. The authors observed the 

tensile strengths increased by approximately 5 and 11 % when 3 and 5 wt. % VGCF reinforcement 

loadings were added, respectively. However, the authors identified a reduction of 21, 58, and 185 
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% when the reinforcement loadings were 7, 10, and 20 wt. %, respectively. In contrast, the tensile 

modulus increased at all reinforcement loadings with increments of 47, 71, 38, 34, and 29 % with 

the addition of 3, 5, 7, 10, and 20 wt. % VGCF, respectively. The authors concluded the improved 

mechanical properties at low reinforcement loadings indicated a good dispersion of the VGCF 

reinforcement. In addition, the reduction in the tensile properties was attributed to the 

agglomeration of the reinforcement within the matrix which could lead to crack generation. In the 

same way, Wang et al. [67] developed and tested epoxy composites reinforced with multiwall 

carbon nanotubes (MWCNTs) with reinforcement loadings of 0.2, 0.4, 0.6, and 0.8 wt. % using a 

solution mixing method. The composites were tested using a SANS CMT5105 universal testing 

machine with a strain rate of 10 mm/min. The authors observed improvements in tensile strengths 

of 6, 15, 20, and 11 %, respectively.  In addition, the composites enhanced by in 9, 7, 6 and 4 % 

in tensile modulus, respectively compared to the epoxy without reinforcements. The authors 

concluded the improvement in the tensile properties were attributed to an efficiently dispersed 

reinforcement within the matrix. In addition, Salom et al. [68] manufactured epoxy composites 

reinforced with graphene nanoplatelets (GNP) using a solution mixing method which included 2, 

4, and 6 wt. % of the reinforcements. The tensile tests were performed using a QTest QL MTS 

tensile testing machine with a strain rate of 1 mm/min. The authors observed the tensile strength 

decreased by 12, 21, and 17 %, respectively. On the other hand, the tensile modulus increased by 

16, 26, and 42 %, respectively. The authors concluded the decrease in tensile strength could be 

due to the agglomeration of GNP which leads to a poor reinforcement dispersion and the improved 

tensile modulus can be attributed to the addition of a stiffer material than the epoxy matrix.  

 Flexural test 

A flexural test is a common test to characterize composite materials to determine the flexural 

strength and modulus of a material [69]. There are two different configurations to perform a 

flexural test: three-point flexural test and four-point flexural test. For these tests, the specimen is 

placed between two supports and a load is applied in a single point or two different equidistant 

points for three-point and four-point flexural tests, respectively [70]. Flexural tests have several 

advantages in comparison to tensile tests. For instance, flexural test specimens possess a design 

and geometry which is simpler than a tensile specimen. In addition, flexural tests are recommended 

when the test specimens are excessively brittle and break when gripped in a tensile test [71].  
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Different studies have performed flexural tests on polymer-matrix composites with carbonaceous 

reinforcements, such as CNT, graphene, and ground carbon fibers [72, 73, 74, 75]. For instance, 

Shen et al. [72] produced epoxy composites reinforced with 0.25, 0.5, 1 and 1.5 wt. % GNP using 

a solution mixing method. The tests were conducted using an Instron universal testing machine 

with a crosshead speed of 1 mm/min. The authors observed the flexural strength increased by 9 

and 1 % when the composites contained 0.25 and 0.5 wt. % GNP, respectively. However, this 

property decreased by 1 and 9 % in composites with 1 and 1.5 wt. % GNP, respectively. In 

addition, the composite flexural modulus improved at all reinforcement loadings by 12, 12, 14, 

and 19 %, respectively in relation to the pure epoxy. The authors concluded the improvement in 

the flexural properties at low reinforcement loadings were attributed to a well dispersed GNP 

reinforcement, while the slightly decrease in the mentioned properties were a result of 

agglomeration of the GNP reinforcements. In the same way, Chatterjee et al. [73] manufactured a 

composite reinforced with 0.1, 0.5, 1, 1.5, and 2 wt. % GNP using a solution mixing method. The 

tests were performed with a Zwick Roell Z010 testing machine using a constant loading speed of 

1 mm/min. The authors observed the flexural modulus (flexural strength not reported) increased 

by 7, 16, 13, 16, and 15 % respectively. The authors concluded the improvement in flexural 

modulus suggested a considerable load transfer from the matrix to the GNP reinforcement. 

Likewise, Palencia et al. [74] developed and characterized epoxy composites reinforced with 0.5, 

1, and 1.5 wt. % ground CNF. The flexural tests were conducted using an Adamel Lhomargy 

universal tester with a crosshead speed of 1.2 mm/min. The authors observed the flexural strength 

increased by 16, 24, and 19 %, respectively, while the flexural modulus increased by 17, 25, and 

23 %, respectively when compared to the epoxy without reinforcements. The authors concluded 

the addition of small contents (≤ 1.0 wt. %) of the reinforcement improve the flexural properties 

due to a well-dispersed reinforcement. However, when the addition of the reinforcements exceeded 

this value, the flexural properties slightly decreased due to the agglomeration of the CNF during 

the curing process.  Similarly, Zhang et al. [75] evaluated epoxy composites containing 0.5, 1, 2, 

and 4 wt. % GNP using a solution mixing method. The tests were conducted using an MTS-810 

universal testing machine with a crosshead speed of 1.3 mm/min. The authors observed the flexural 

modulus (flexural strength not reported) increased by 6, 7, 27, and 34 %, respectively when 

compared to the pure epoxy. The improvements in the flexural modulus were attributed to the 

addition of reinforcements with higher stiffness in comparison to the matrix.  
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 Fractured surfaces SEM analysis  

SEM is a widely used technique to examine fractured surfaces due to the greater depth of focus 

which makes it possible to observe rough or uneven surfaces at higher magnifications in 

comparison to an optical microscope [76]. SEM analysis has been performed on fractured surfaces 

of polymer matrix composites reinforced with carbonaceous materials in order to study their 

fracture mechanisms [66, 67, 72, 77].  

For instance, Choi et al. [66] examined the fractured surfaces of epoxy-based composites 

reinforced with VGCF. For this purpose, the samples were gold coated to improve their 

conductivity and prevent charging (acceleration voltage not reported). The authors reported a flat 

fracture surface for pure epoxy specimens which was characteristic to thermoset polymers. A 

rougher surface and an increased porosity were observed with the addition of the reinforcements. 

The authors concluded the presence of voids at high reinforcement loadings (≥ 10 wt. %) could 

lead to reductions in the tensile properties. Likewise, Wang et al. [67] examined the fractured 

surfaces of an epoxy-based composite reinforced with MWCNTs. For this purpose, the specimens 

received a gold coating and observation was conducted at an acceleration voltage of 3 kV. The 

authors reported a rough surface with large and shallow fractured areas at 0.6 wt. % of the 

reinforcement loading. In addition, the authors observed MWCNT agglomeration in dimpled areas 

decreased the composite mechanical properties due to stress concentrations and possibility of crack 

propagation during loading. In the same way, Shen et al. [72] studied the fracture surfaces of pure 

epoxy and epoxy-based composites reinforced with GNP. For this purpose, the samples receive a 

gold coating layer and an acceleration voltage of 15 kV was used for viewing.  For pure epoxy 

specimens, the authors observed a smooth fractured surface which was characteristic of a brittle 

failure. On the other hand, considerable corrugation was found at 0.25 wt. % of GNP loading which 

acted to restrain crack growth leading to an enhancement in the mechanical properties. At higher 

reinforcement loadings (0.5, 1, and 1.5 wt. %), reinforcement agglomeration was identified to 

hinder the polymer flow causing a decrease in the mechanical properties of the composites. 

Similarly, Feng et al. [77] analyzed the fractured surface of epoxy-based composites reinforced 

with graphene nanoplatelets. For this purpose, the samples received a gold-palladium alloy coating 

and an acceleration voltage of 20 kV was used. The authors observed a smooth cleavage surface 

for pure epoxy specimens, but observed a coarser fractured surface when 1.5 % by volume of 
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graphene nanoplatelets were added compared to the epoxy suggesting a hindering mechanism for 

crack propagation.  

 Thermal conductivity 

Thermal conductivity is defined as the ability of a material to transfer or conduct heat [78]. In 

general, polymers exhibit low thermal conductivities in comparison to metals and ceramics. For 

this reason, the thermal conductivity of some polymer materials can be improved by the addition 

of particle reinforcements with a higher thermal conductivity compared to the matrix such as 

carbonaceous reinforcements [79]. 

Research studies have tested thermal conductivity of a polymer-matrix composite reinforced with 

carbonaceous materials [73, 75, 80, 81]. For example, Chatterjee et al. [73] developed epoxy-based 

composites reinforced with 0.1, 0.5, 1, and 2 wt. % GNPs using a solution mixing method. The 

tests were performed with a LFA447 Netzsch nanoflash apparatus (laser flash method) using disc-

shaped specimens with a diameter of 10 mm and thickness of 1 mm. The thermal conductivity 

increased by 9, 20, 25, and 36 %, respectively. The authors concluded the addition of GNPs created 

a thermal conductive path which allowed heat to dissipate from the material. In addition, Zhang et 

al. [75] developed graphene reinforced epoxy composites with reinforcement loadings of 0.5, 1, 2, 

and 4 wt. % using a solution mixing method. The thermal conductivity was examined using the 

guarded-comparative-longitudinal heat flow technique which utilized circular-shaped specimens 

with a diameter of 12.8 mm and a thickness of 2.34 mm. The authors observed the thermal 

conductivity increased by 11, 21, 34, and 45 %, respectively. The authors attributed the 

improvement to a well dispersed reinforcement that facilitated heat dissipation. Likewise, Choi et 

al. [80] developed epoxy resin-based composites reinforced with 0.1, 0.5, 1, 1.5, 2, 3, and 4 wt. % 

CNTs using a solution mixing method. The thermal conductivity was examined with a transient 

plane source (TPS) method which used a TPS sensor between two 4 mm thick samples. The 

authors observed the thermal conductivity increased by 2.2, 1.5, 3.9, 5.3, 7.7, 8.0, and 8.3 %, 

respectively compared to the epoxy resin. The authors concluded the improvement in thermal 

conductivity was attributed to the interaction of CNTs with the epoxy matrix which formed a 

conductive path in the material. In the same way, Yang et al. [81] developed epoxy composites 

reinforced with 1.0 wt. % MWCNT and GNP using a solution mixing method. Thermal 
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conductivity was measured using a TPS2500 hot disk thermal conductivity analyzer with samples 

measuring 60 mm x 60 mm x 6 mm (l x w x t). The authors observed the thermal conductivity 

increased by 46 and 22 %, respectively. The authors concluded both reinforcements formed a 

conductive path through the material which eased heat dissipation. In addition, it was concluded 

the lower improvement for GNP reinforcement was due to the agglomeration of this material in 

the epoxy matrix.   

 Differential scanning calorimetry (DSC) 

DSC is an analytical technique used to determine the behaviour of a material when it is subject to 

heating in a controlled atmosphere in order to determine important thermal properties of the 

material, such as glass transition temperature (Tg) and heat capacity [82].  

A number of studies have tested composite materials reinforced with carbonaceous material using 

DSC [66, 83, 84]. For instance, Choi et al. [66] produced epoxy composites reinforced with 5, 10, 

and 20 wt. % vapor grown carbon nanofibers (VGCF) using a solution mixing method. The Tg of 

the composites were measured with DSC under an argon atmosphere with a heating rate of 10 

⁰C/min and a temperature range from 23 to 250 ⁰C. The authors observed the Tg increased by 2, 

21, and 33 %, respectively compared to the pure epoxy.  The authors attributed the Tg improvement 

to restricted polymer molecular mobility caused by the VGCF reinforcements. Likewise, Dorigato 

et al. [83] performed DSC measurements on epoxy with 15 wt. % short carbon fiber reinforcement. 

For this purpose, a Mettler Toledo DSC30 was used with a heating rate of 10 ⁰C/min and a 

temperature range between 0 and 130 ⁰C under a nitrogen atmosphere. The Tg slightly increased 

from 94.3 ⁰C for a pure epoxy specimen to 94.7 ⁰C for composites with 10 wt. % short carbon 

fiber. The authors concluded the improvement in Tg could be attributed to the restriction of 

polymer mobility which was caused by the presence of the reinforcement. In the same way, Grady 

et al. [84] studied the glass transition behaviour of polystyrene-based composites reinforced with 

SWCNT. For this purpose, a heating rate of 10 ⁰C/min and a temperature range between 0 and 150 

⁰C were used. The authors observed the Tg increased with the addition of different amounts of the 

reinforcement. For example, the Tg increased by 2, 4, and 7 % with SWCNT loadings of 0.1, 0.5, 

and 1 wt. %, respectively. In addition, the Tg reached a plateau value with 5 wt. % SWCNT, despite 

the addition of higher reinforcement loadings. The authors concluded the addition of the 
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reinforcement caused a mobility hindering mechanism in the polymer chains which led to a higher 

Tg, while the plateau in Tg was attributed to a non-uniform dispersion of the reinforcement at higher 

loadings.  

2.7 Graphene oxide 

Graphene oxide (GO) is a two-dimensional carbon based structure with the presence of several 

oxygenated functional groups, such as hydroxyl (-OH), carbonyl (C=O), carboxylic (-COOH) and 

epoxy (C-O-C) groups randomly located on its basal plane, as shown in Figure 2.3, with a thickness 

of approximately of 0.7 to 1.6 nm [85, 86] and lateral dimensions ranging from a few nanometers 

to microns [87, 88]. Graphene oxide is obtained through a strong oxidation process of graphite 

flakes. GO is chemically comparable to graphite oxide only differing to the number of stacked 

layers, while graphite oxide possesses many layers stacked together, GO can be subjected to a 

sonication process in order to exfoliate and separate the mentioned layers individually, as shown 

in Figure 2.4.Tensile strength and modulus of a single layered GO structure has been determined 

to be 76.8 ± 19.9 MPa and 207.6 ± 19.9 GPa, respectively [89, 90]. Despite having lower 

mechanical properties when compared to other carbonaceous reinforcements, GO is a promising 

candidate to be used as a polymer composite reinforcement due the high reactivity and 

compatibility of its attached functional groups [91, 92] which could lead to improve bonding 

compatibility with epoxy thermoset polymers.  

 

 

Figure 2.3. GO structure [93]. 
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Figure 2.4. Graphene oxide synthesis process [94]. 

 

2.8  GO synthesis 

Several synthesis methods, as shown in Figure 2.5, have been documented in order to produce GO 

[95, 96, 97, 98, 99] each with the use  of different oxidizing agents.  
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Figure 2.5. GO synthesis methods. 

 Brodie method 

Brodie [95] performed the first approach to oxidize graphite in order to synthesize GO in 1859. 

The researcher found that heating graphite powder changed and increased in weight when stirred 

with a mixture of nitric acid (HNO3) and potassium chlorate (KClO3). In this method, an adequate 

amount of graphite was mixed with potassium chlorate in a ratio of 1:3. Then, nitric acid was added 

and the obtained solution placed in a water bath and kept at a temperature of 60⁰C until yellow 

vapors ceased to be produced, usually a period from 3 to 4 days. Finally, the solution was washed 

by decantation with the addition of water to remove any remaining acid or salts. The obtained 

substance was insoluble in water mixed with acids, but barely soluble in pure water. Brodie named 

this substance graphic acid.  
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 Staudenmaier method 

In 1898, Staudenmaier [96] developed a method to synthesize GO by using HNO3 and KClO3 as 

oxidizing agents. In this method, fuming nitric acid was obtained through a distillation and 

purification of a 3:1 mixture by volume of HNO3 to sulfuric acid (H2SO4). Graphite powder was 

mixed with the resulting fuming nitric acid while kept in an ice bath and stirred for approximately 

30 min. Then, KClO3 was added over a period of 30 minutes in order to control the solution 

temperature and the formation of gas. After this, the solution was stirred at room temperature for 

96 hours. Thereupon, the solution was purified through decantation with subsequent washing 

processes with the addition of deionized water and hydrochloric acid (HCl). The purified solution 

was dried in vacuum and ground until a fine powder was obtained.  

 Hofmann method 

In 1937, Hofmann and König [97] developed a method to synthesize GO by using HNO3, H2SO4 

and KClO3 as oxidizing agents. In this method, a mixture with approximately 3:1 by volume of 

HNO3 to H2SO4 was added in a beaker and stirred in an ice bath. Then, a sufficient amount of 

graphite powder was added to the solution while constant stirring. Afterwards, KClO3 was added 

to the beaker while kept in an ice bath to avoid a temperature increase and control gas formation. 

The resulting solution was purified with consecutive washes with deionized water and HCl. The 

final solution was dried in a vacuum oven at 60⁰C and ground.  

 Hummers method 

In 1958, Hummers and Offeman [98] developed a novel and rapid method to synthesize graphitic 

oxide using a mixture of sodium nitrate (NaNO3), H2SO4 and potassium permanganate (KMnO4) 

for the oxidation process. In this method, 100 g. of graphite flakes and 50 g. of sodium nitrate were 

stirred with 2.3 litres of H2SO4, while maintaining this solution in an ice bath under 0⁰C. While 

stirring, 300 g. of KMnO4 was added while keeping the temperature under 20⁰C. Thereupon, the 

solution was removed from the ice bath and brought to a temperature of approximately 35⁰C. After 

30 minutes, 4.6 liters of water was added causing a violent effervescence which increased the 

temperature to 98⁰C. Then, the solution was diluted with 14 liters of warm water with 3 % 

hydrogen peroxide (H2O2) to reduce the oxidizing agents that did not react. Next, a washing 

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=K%C3%B6nig%2C+Ernst
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process was performed with 14 liters of warm water and the resulting solution was dispersed in 32 

liters of water. The resulting graphitic oxide was obtained by centrifugation and dehydration at 

40⁰C in vacuum. 

 Tour method 

In 2010, Marcano et al. [99] developed a GO synthesis process based on Hummers method. In this 

method, the oxidation process was performed without using sodium nitrate (NaNO3), increasing 

the amount of KMnO4 and performing the reaction with a 9:1 mixture of sulfuric acid (H2SO4) to 

phosphoric acid (H3PO4). The authors observed this synthesis process did not generate toxic gases. 

In addition, the research group concluded the synthesized GO in this method was more oxidized 

when compared to GO obtained through Hummer method. 

2.9  GO characterization 

In this section, different techniques used to determine the oxidation state of GO powder, its 

morphology and chemical composition have been described.  

 Scanning electron microscopy (SEM) for powder morphology 

SEM is a widely used technique in order to study the topography and morphology of a powder 

sample [100]. In different studies, SEM has been used to analyze GO powder morphology [86, 

101, 102]. In this technique, an electron gun produces a beam of high-energy electrons are directed 

to the sample surface located in a vacuum environment. In order to align and focus the incident 

beam, it goes through several lenses to control the obtained magnification. When the incident 

electrons interact with the sample surface, energetic electrons are scattered. Different detectors are 

used to collect the information of the scattered electrons and an image is produced [103]. 

For instance, Gudarzi and Sharif [86] analyzed SEM micrographs of graphite flakes and GO 

samples coated in platinum. The authors observed graphite flakes had a lateral size of several 

micrometers and a thickness which was lower than one micrometer. On the other hand, GO showed 

a significant increase in thickness. The higher thickness of GO was attributed to the presence of 

oxygen functional groups on the GO basal plane and the presence of water molecules within the 

GO interlayers. Likewise, Pendolino et al. [101] observed GO consisted of structures with tightly 
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packed layers which could be related to a re-packing process of the individual layers. In the same 

way, Ferreira et al. [102] observed GO possessed a higher thickness in comparison to graphite 

flakes due to the functional groups in its structure which caused the agglomeration of  sheets 

stacked on top of each other. In addition, the authors observed wrinkles at the edges of the GO 

structures which were caused by angular tensions between GO carbon bonds.  

 Fourier-transform infrared spectroscopy (FTIR) 

FTIR is a non-destructive analytical analysis technique used to identify and characterize unknown 

materials, intermolecular interaction, contamination in a sample, oxidation or decomposition after 

a synthesis process [104].  In addition, FTIR spectrum shows different absorption peaks 

corresponding to the frequencies of vibrations among the atomic bonds that form the material 

[105]. FTIR consists on directing infrared (IR) radiation with different wavelengths to the sample. 

The radiation which is not absorbed by the sample and collected by a detector is a characteristic 

spectrum of the sample [106]. This technique has been widely used to determine the presence of 

functional groups attached to GO in order to identify a successful synthesis process [107, 108, 109, 

110]. 

For instance, Galpaya et al. [107] examined FTIR spectra for pristine graphite and GO synthesized 

using Tour method [99]. Pristine graphite did not have observable peaks in its spectrum due to the 

chemically inert structure of this material. On the other hand, the authors observed a broad peak at 

approximately 3400 cm-1 which corresponded to stretching vibration of hydroxyl group (~3400 

cm-1) and water absorption (~3200 cm-1). In addition, different IR bands were found throughout 

the spectrum. For example, the peak at ~1720-1740 cm-1  was attributed to C=O stretching from 

carbonyl and carboxylic groups, a peak at ~1620 cm-1  corresponded to vibration of absorbed water 

molecules, a peak at ~1200 cm-1  corresponded to C-OH stretching from carboxylic group, and a 

peak at ~1050 cm-1 was due to skeletal C-O or C-C stretching from carbonyl, carboxylic and epoxy 

groups. Likewise, Zheng et al. [108] examined FTIR spectra for GO synthesized using Hummers 

method [98] and identified several peaks corresponding to functional groups in the basal plane of 

GO. A broad and intense peak was found at 3400-3600 cm-1 which was assigned to O-H stretching 

vibration, a different peak was identified at 1730 cm-1 which corresponded to C=O stretching of 

carbonyl and carboxyl groups, another peak was found at 1622 cm-1 which was related to 
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unoxidized graphitic carbon. An additional peak was detected at 1400 cm-1 which corresponded to 

-COH bending and a peak at 1095 cm-1 was related to epoxy C-O-C bonds. In the same way, Ren 

et al. [109] examined FTIR spectra for GO synthesized using Hummers method and identified 

characteristics peaks at 3421, 1733, 1260, and 1079 cm-1 which corresponded to -OH, C=O, C-O-

C, C-O stretching, respectively. Another peak was identified at 1623 cm-1 which was assigned to 

water molecules vibration intercalated between the different layers of GO. Similarly, Sabzevari et 

al. [110] analyzed the presence of functional groups in GO synthesized using Hummers method. 

The authors concluded a successful oxidative conversion of graphite to  GO due to characteristic 

IR bands at approximately ~3600-3200 cm-1, ~1730-1680 cm-1, ~1650-1550 cm-1, and ~1100-1050 

cm-1 which corresponded to -OH stretching, carbonyl groups (C=O) vibration, C=C vibration of 

sp2 carbon skeleton, and C-O-C bonds of epoxy groups, respectively. 

 X-ray photoelectron spectroscopy (XPS) 

XPS is an analytical technique used to determine the chemical composition of a sample and the 

electronic state of the chemical elements. Oxidation state, hybridization, bonding and reaction 

progress are characteristics that can be analyzed through this technique [111]. XPS usually consists 

of bombarding the sample surface with mono-energetic Al K-α x-rays in order to produce 

excitation on the surface causing the emission of photoelectrons. The energy of the emitted 

photoelectrons is measured in order to determine the elemental identity, chemical state and 

quantity of a detected element from the binding energy and intensity of a photoelectron peak [112].  

Different studies have performed XPS measurements on GO powder in order to determine its 

oxidation state, chemical composition and carbon to oxygen (C/O) ratio  [99, 113, 114, 115, 85, 

116]. Marcano et al. [99] synthesized GO through Hummers and Tour methods and performed 

XPS analysis to compare the oxidation state of both GO samples. Peaks at 289, 287.8, 286.2, and 

284.8 eV were observed in both methods which were associated to carboxylates (O-C=O), 

carbonyl (C=O), epoxy/hydroxyls (C-O) and sp2 carbon (C=C). The authors concluded GO 

obtained through Tour method was more oxidized in comparison to GO obtained from Hummers 

method. For instance, the GO synthesized from Tour method had 69 % of oxidized carbon in 

contrast to 61 % in GO synthesized by Hummers method. In the same way, Becerril et al. [113] 

performed XPS analysis on GO films obtained through Hummers method. The authors identified 
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peaks at ~284.8 eV, ~286.2 eV, and ~287.8 eV which corresponded to C-C, C-O, and C=O bonds, 

respectively. In addition, the authors concluded the graphitic carbon (C-C) content was 53 %. 

Similarly, Kim et al. [114] examined the chemical composition of GO synthesized through 

Hummers method. The authors observed two characteristic peaks at 284 eV and 532 eV which 

corresponded to carbon 1s and oxygen 1s, respectively. The chemical composition of GO was 

determined to be 64 % carbon and 36 % oxygen which determined a C/O ratio of 1.84. Likewise, 

Botas et al. [115] analyzed the elemental composition of GO synthesized through Hummers 

method. The authors found the GO had an elemental composition of 65 % carbon and 35 % oxygen 

which determined a C/O ratio of 1.8. In addition, high resolution scans (using XPS) were 

performed to determine the carbon composition of GO. It was determined GO had 32.2 % sp2 

carbon, 12.8 % sp3 carbon, 36.2 % carbon from hydroxyl and epoxy groups (C-OH/C-O), 14.3 % 

carbon from epoxy group (C-O-C), and 4.4 % from carboxylic group (-COOH). In another study, 

Stankovich et al. [85] used XPS to examine the C/O ratio in GO synthesized through Hummer 

method which was determined to be 2.7. In addition, You et al. [116] analyzed the elemental 

composition of GO synthesize through Hummers method with XPS. The authors observed the 

synthesized GO had 70 % carbon and 28 % oxygen which provided a C/O ratio of 2.47. Some 

trace impurities such as 1.2 % nitrogen, 0.3 % chlorine and 0.7 % sulfur were also found which 

were attributed to the remaining chemicals from the synthesis of GO. In addition, high resolution 

scans were performed which determined several intensity peaks were related to the presence of  

functional groups in synthesized GO such as carbonyl (C=O), epoxy (C-O-C) and hydroxyl (C-

OH) groups, at 288.8, 287.1, and 285 eV, respectively.    

2.10 GO reinforced composites 

Studies have specifically focused on polymer matrix composite materials with graphene oxide as 

the reinforcement [107, 108, 117, 118, 119, 120]. For example, Galpaya et al. [107] conducted 

tensile tests and observed the fractured surfaces with SEM of epoxy/GO composites containing 

0.1, 0.3, 0.5 and 0.7 wt. % GO. For this purpose, an Instron tensile machine was used with a strain 

rate of 0.5 mm/min and the fractured specimens were sputter-coated with a thin layer of gold. The 

researchers concluded the tensile strength improved by 7, 3, 4, and 1.5 %, while the tensile 

modulus improved by 30, 34, 42, and 31 %, respectively with the addition of GO. During SEM 
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analysis, a smooth surface was observed for pure epoxy specimens which was attributed to a 

typical brittle fracture behaviour. After the addition of GO, the fractured surface showed a coarse 

and irregular surface with multi-plane features. These were attributed to a higher fracture 

toughness which reduced crack propagation due to crack front deflection. Likewise, Zheng et al. 

[108] performed tensile tests on epoxy-based composites including 0.1, 0.2, 0.5, and 1.0 wt. % GO 

and examined the fractured surfaces using SEM. For this purpose, an Instron 4301 universal testing 

machine was used with a strain rate of 2 mm/min and the fractures specimens were coated with a 

thin layer of carbon. The addition of GO enhanced the properties of the composites with much 

lower wt. % in comparison to traditional reinforcements. For instance, the tensile strength 

improved by 7, 8, 11, and 15 %, while the tensile modulus improved by 9, 20, 24, and 21 %, 

respectively. A smooth fractured surface was observed for pure epoxy specimens which indicated 

low ductility and a brittle fracture. On the other hand, the addition of GO caused a much rougher 

fractured surface which indicated an increased toughness in the composite material. In addition, 

Liu et al. [117] performed flexural tests on pure epoxy loaded with 0.1, 0.5, 1.0, and 1.5 wt. % GO 

and observed the fractured surfaces using SEM. For this purpose, a crosshead speed of 2 mm/min 

was used. The flexural strength increased by 4, 10, 15, and 11 %, respectively. The flexural 

modulus decreased by 2 for 0.1 wt. % GO and increased by 3, 11, and 12 % for composites 

containing 0.5, 1.0, and 1.5 wt. % GO, respectively. SEM analysis revealed a smooth surface with 

some cracks for pure epoxy specimens. On the other hand, a rougher and more fluctuant surface 

was observed for composites that included GO which was attributed to a toughening mechanism 

of GO on the epoxy matrix. Tang et al. [118] tested epoxy composites containing 0.1, 0.2, 0.5 and 

1.0 wt. % GO. Flexural tests were performed, and the fractured surfaces were analyzed with SEM. 

For this purpose, an Instron universal testing machine was used with a crosshead speed of 2.7 

mm/min and the fractured specimens were gold coated. The flexural strength decreased by 9, 13, 

2 and 48 %, respectively. However, the flexural modulus improved by 1, 3, 2, and 8 %, 

respectively. SEM revealed a typical brittle fracture for pure epoxy characterized by a smooth 

surface with cracks with a river pattern zone. After the addition of GO, a rough fractured surface 

with more failure surfaces was observed. The authors concluded GO could help terminate cracks 

making the material stiffer. In the same way, Abdullah and Ansari [119] performed tensile tests 

on an epoxy composite reinforced with 0, 1.5, 3, 4 and 6 % GO by volume. The authors also 

performed microstructural analysis using SEM to study the fractured surfaces after testing. For 
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this purpose, an Instron universal testing machine was used with a strain rate of 1 mm/min. As the 

GO content increased, the tensile strengths improved by 86, 29, 14 and 7 % and the tensile modulus 

improved by 45, 55, 67 and 79 %, respectively, compared to pure epoxy. During SEM analysis, 

the authors observed the addition of GO caused a coarse multiplane feature which suggested GO 

reinforcements may induce deflection of propagating crack fronts tending to increase the strain 

energy to fracture the material. In a different study, Bortz et al. [120] performed tensile and flexural 

tests on epoxy/GO composites including 0.1, 0.25, 0.5, and 1 wt. % GO. For this purpose, an 

Instron 8516 universal testing machine was used with a strain rate of 2 mm/min for the tensile test 

and a crosshead speed of 1.4 mm/min for the flexural test. After the addition of GO, the tensile 

strength increased by 4, 5, and 7 % with the addition of 0.1, 0.25, and 0.5 wt.% GO, but decreased 

by 7 % with the addition of 1.0 wt. %. The tensile modulus increased by 11, 5, 4, and 3 %, 

respectively. In the same way, the flexural strength increased by 20, 22, 25, and 26 %, while the 

flexural modulus improved by 8, 9, 11, and 12 %, respectively. The authors concluded the increase 

in the mechanical properties could be attributed to a well-dispersed reinforcement in the epoxy 

matrix which promoted a uniform load transfer from the matrix to the reinforcement. Overall, the 

studies showed that when GO was added to epoxy resin in small amounts, the mechanical 

properties improved significantly compared to traditional fillers of the same wt. %. 

2.11 Summary 

The literature review suggested a small number of studies on epoxy/GO composites were 

conducted with the majority focusing on mechanical properties of composites and less on thermal 

properties. The thermal conductivity and glass transition temperature (Tg) of epoxy/GO 

composites were not analyzed to determine their variations with the addition of different 

percentages in weight fraction of the GO reinforcement. The mentioned research gaps motivated 

this research to evaluate the tensile and flexural properties as well as the thermal conductivity and 

glass transition temperature of epoxy/GO composites.  
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CHAPTER 3 

MATERIALS AND EXPERIMENTAL METHODS 

The materials and experimental procedure to synthesize the GO powder, manufacture the 

composite materials, characterize the GO powder and the epoxy/GO composites used/developed 

in this research work in order to achieve the research objectives are described in this chapter. 

3.1 Materials 

The materials used in this study were provided by different suppliers. For the GO synthesis 

process, natural graphite flakes, 325 mesh (< 44μm), 99.8 % (metals basis) were acquired from 

Alfa Aesar (Thermo Fisher Scientific). The silicone rubber molds used to produce the epoxy/GO 

composites were fabricated using Mold Max 10T, a translucent condensation cure silicone rubber 

compound purchased from Smooth-On Inc. A mix ratio of 100:10 by weight, part A to part B was 

used. To manufacture the composites, Super Sap CPM/CPL (resin/hardener), an epoxy resin 

containing 31 % of bio-based carbon content, was acquired from Entropy Resins Inc. The 

composite fabrication process used a mix ratio of 100:40 by weight, epoxy to hardener.  

3.2 Graphene oxide powder synthesis 

GO was synthesized through Hummers method starting from graphite flakes and used sodium 

nitrate (NaNO3), sulfuric acid (H2SO4) and potassium permanganate (KMnO4) for the oxidation 

process [98]. The synthesis process based on Hummers method is shown in Figure 3.1. For every 

batch of GO, 5 g of graphite flakes, 2.5 g of NaNO3 and 115 ml of H2SO4 were added to a beaker 

and stirred for 45 minutes with a magnetic stirrer. Next, the solution was transferred to an ice bath 

and stirred for another 30 minutes.  Then, 15 g of KMnO4 were slowly added due to the exothermic 

chemical reaction produced from the solution. Thereupon, the solution was removed from the ice 

bath being careful to keep its temperature under 20°C. The solution was then transferred to a 

medium temperature bath (approximately 35°C) and 230 ml of deionized water was added 

dropwise. After the water was completely added, the solution was transferred to an oil bath with a 

temperature of 98°C and stirred for additional 20 minutes. Subsequently, 400 ml of deionized 

water was added, until the solution turned to a light brown color and stirred for an additional 20 
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minutes. Next, 50 ml of oxygen peroxide (H2O2) was added to the solution. Finally, the solution 

was stirred overnight. 

 

Figure 3.1. Schematic Hummers method process. 

 

After the synthesis was performed, a purification process was used to obtain GO with an adequate 

purity, as shown in Figure 3.2Figure 3.2. Schematic purification process after the GO synthesis 

process.. This technique consisted of different stirring and decantation processes after adding 

deionized water, hydrochloric acid (HCl) and ethanol (C2H5OH) in subsequent washes. In order to 

accelerate this process, a decantation technique was used. For this purpose, the solution was placed 

in small flasks and centrifuged for approximately 15 minutes, as shown in Figure 3.3.  
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Figure 3.2. Schematic purification process after the GO synthesis process. 

 

 

Figure 3.3. Decantation process by using a centrifuge machine. (a) Solution placed in small 

flasks, (b) solution being centrifuged, and (c) solution after 15 minutes of centrifugation. 
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When the purification process was completed, as shown in Figure 3.4. The solution was poured 

onto a Styrofoam flat surface and dried in an oven at 40°C. Finally, the dried GO was ground 

manually into powder form using a mortar and pestle, as shown in Figure 3.5. In order to achieve 

a uniform particle size for GO powder, a 100-mesh sieve was used. 

 

Figure 3.4. (a) GO in drying process, and (b) dry GO prior to the grinding process. 

 

 

Figure 3.5. (a) GO before grinding, (b) GO after 15 minutes of grinding in a mortar and pestle, 

and (c) GO powder after the grinding process. 

3.3 Fabrication process of graphene oxide reinforced epoxy composites 

A solution mixing method was used in order to fabricate the bio-epoxy composites reinforced with 

GO particles at different weight percentages. Prior to the casting process, silicone rubber molds 
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were manufactured according to the specified dimensions found in the ASTM standards for each 

test.  

 Specimen dimensions 

Table 3.1 outlines the specimen size for the tensile test, flexural test and thermal conductivity 

according to ASTM standards. Figure 3.6 shows the dimensions for the specimens used in the 

conducted tests. 

Table 3.1. ASTM standard and specimen size for the manufactured composites. 

Mechanical or thermal 

property 

ASTM 

standard 

Specimen dimension 

Tensile test D638-14 Dog bone shape samples.  

Length overall: 165 mm. 

Width overall: 19 mm. 

Width of narrow section: 13 mm. 

Length of narrow section: 57 mm. 

Radius of fillet: 76 mm. 

Thickness: 3.2 mm. 

Flexural test D790-17 Wide: 12.7 mm.  

Thickness: 3.2 mm.  

Length: 127 mm. 

Support span-to-depth ratio of 16:1. 

Thermal conductivity C518-17 Square cross section specimen: 

50.8 mm x 50.8 mm. 

Thickness: 25.4 mm. 

Differential scanning 

calorimetry 

E1356-08 7 – 10 mg of powdered sample  
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Figure 3.6. ASTM standard specimens for: (a) tensile test specimen, (b) flexural test specimen, 

and (c) thermal conductivity test specimen. 
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 Silicone rubber mold fabrication 

In this process, polylactic acid (PLA) models were initially fabricated using a Makerbot Replicator 

2, 3D printer, according to the ASTM standard sizes as shown in Figure 3.7. These were used as 

positive mold samples. All PLA models were fabricated under the same printing conditions in 

order to obtain the same surface finish despite the color of its raw material (e.g. red vs black). 

Then, the PLA models were attached using two-sided adhesive tape to a polyvinyl chloride (PVC) 

box container measuring 305 mm x 305 mm x 51 mm (l x w x h). The silicone rubber was mixed, 

vacuum degassed at 28 inHg (711 mmHg) and poured into the PVC box. The silicone molds were 

cured for 72 hours at room temperature and post-cured for 4 hours at 65 ⁰C. 

 

Figure 3.7. (a) Four 3D printed positive PLA models, (b) PLA samples attached in the PVC 

container, and (c) silicone mold for composite fabrication process.  
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 Solution mixing method for composite manufacturing 

A bio-epoxy resin was used as a composite matrix in this study given its excellent bonding with a 

wide variety of reinforcement/filler materials and the possibility of improving the epoxy 

properties. In order to fabricate the epoxy/GO composites, GO powder was weighed for each 

loading and used as a replacement to the bio-epoxy, as shown in Table 3.2. The GO was initially 

dispersed in acetone to exfoliate the material through ultrasonic sonication for one hour, constantly 

verifying the temperature of the solution with a thermometer in order to stay below 80 ⁰C. Higher 

temperatures have been reported to cause the decomposition of some oxygen groups [121]. For 

this purpose, an ultrasonic homogenizer sonicator, FS-900N, Shanghai Shengxi Co. Ltd was used, 

as shown in Figure 3.8. This method was used to separate the layered GO structures into single 

layers. The ultrasonic homogenizer sonicator was set at a power of 50 % with the ‘ON time’ of 10 

seconds and an ‘OFF time’ of 20 seconds. After this process, a CPM bio-epoxy resin amount as 

shown in Table 3.2 was added to the GO/acetone mixture, and mechanically stirred for 60 minutes. 

Table 3.2. Reinforcement weight percentage in epoxy/GO composites 

Graphene oxide 

(wt. %) 

CPM bio-epoxy 

(wt. %) 

CPL hardener 

(wt. %) 

0.0 71.5 28.5 

0.1 71.4 28.5 

0.3 71.2 28.5 

0.5 71.0 28.5 

0.8 70.7 28.5 

1.2 70.3 28.5 
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Figure 3.8. (a) Ultrasonic homogenizer sonicator used to exfoliate GO powder, and (b) GO and 

acetone solution being sonicated. 

 

The GO-acetone/epoxy solution was placed under vacuum at 28 inHg (711 mmHg) at a 

temperature of 60°C to allow the acetone to evaporate for approximately 12 hours. Once the 

acetone was evaporated, the solution was cooled down to room temperature for 5 hours and 

mechanically stirred for additional 30 minutes. The corresponding CPL hardener amount, as 

shown in Table 3.2, was then added. The solution was mechanically stirred for 10 minutes and 

vacuum degassed at a pressure of 28 inHg (711 mmHg) for 30 minutes to remove air bubbles in 

the composite. The degassed solution was slowly poured into the silicon rubber molds, as shown 

in Figure 3.9 (a). The molded composite specimens, shown in Figure 3.9 (b), were cured at room 

temperature for 24 hours and then post-cured for 1 hour at 82°C. 
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Figure 3.9. (a) Poured epoxy/GO material in silicone rubber mold, and (b) epoxy/GO composite 

materials after curing and post curing process. 

3.4  Graphene oxide characterization techniques 

The graphite and GO powder morphology were observed using SEM. The GO powder oxidation 

was verified through FTIR and its elemental composition was determined using XPS.  

 Graphite and GO powder SEM morphology analysis 

A JEOL JSM-6010 LV scanning electron microscope, as shown in Figure 3.10, operated with an 

acceleration voltage of 10 kV was used to observe the graphite and GO powder morphology. For 

this purpose, a small amount of powder was placed in an SEM support stand using a conductive 

double-sided carbon tape, as shown in Figure 3.11 (a). Subsequently, the samples received a gold 

coating layer, as shown in Figure 3.11 (b), in order to avoid electrostatic charging [107]. Finally, 

the gold coated specimens were place in a specimen holder, as shown in Figure 3.12. 
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Figure 3.10. SEM microscope used to characterize graphite and GO powder. 

 

Figure 3.11. SEM supports stands for (a) graphite (left) and GO powder (right) samples before 

gold coating, and (b) graphite (left) and GO powder (right) samples after gold coating. 
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Figure 3.12. Graphite and GO powder samples mounted in the SEM specimen holder. 

 FTIR 

FTIR spectroscopy analysis was performed to verify if the oxidation treatment was successful by 

confirming the presence of characteristic functional groups attached to the GO material. A Bio-

RAD (Hercules, CA, USA) FTS-40 IR (Figure 3.13) was used to perform this test. The process to 

obtain the sample to analyze consisted of adding a small amount of GO powder to KBr powder in 

a weight radio of 1:10. The mentioned mixture was ground using a mortar and pestle. Finally, 30 

mg of the GO/KBr mixture were used for the analysis. The raw data obtained was normalized and 

plotted with Microsoft Excel. 

 

Figure 3.13. Bio-RAD FTS-40 IR used to perform the FTIR spectroscopy analysis. 
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 XPS 

XPS measurements were performed to quantify the presence of functional groups attached to the 

GO in order to determine if the oxidation process was successful and to determine the C/O ratio in 

the synthesized powder. The C/O ratio is used to determine the oxidation level of GO. For instance, 

a high C/O ratio indicates a lower oxygen content which could lead to a better thermal performance 

through phonon scattering [122]. On the other hand, a low C/O ratio indicates a higher content of 

functional groups which have been found to improve the interface between GO and epoxy [123]. 

The measurements were collected using a Kratos AXIS Supra (Manchester, UK) system (Figure 

3.14) at the Saskatchewan Structural Sciences Centre (SSSC). This system is equipped with a 500 

mm Rowland circle monochromated Al K-α (1486.6 eV) source, combined hemi-spherical 

analyzer (HSA) and spherical mirror analyzer (SMA). All survey scan spectra were collected in 

the -5-1200 binding energy range with 1 eV steps having a pass energy of 160 eV. High resolution 

scans of two regions were also conducted using 0.05 eV steps with a pass energy of 20 eV. An 

accelerating voltage of 15 keV and an emission current of 15 mA were used for the analysis. 

CasaXPS v2.3.19 software was used to perform the raw data analysis.  

 

Figure 3.14. Equipment used to perform the XPS measurements. 
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 Density measurement 

GO particle density (g/cm3) is the mass of GO powder per unit of volume. Therefore, an adequate 

amount of GO was placed in a steel cup and weighted to determine its mass. The volume of the 

GO powder sample was determined using a Micromeritics AccuPyc 1340 helium gas pycnometer 

as shown in Figure 3.15. In order to operate the gas pycnometer, a calibration process was 

performed for the volume of the cell and the reference chamber by using a stainless-steel sphere 

with a known volume (147.6 cm3). After the calibration process, the gas valve was opened in order 

to reach a pressure of around 16 psi (110 MPa), as recommended in the gas pycnometer user 

manual. Thereupon, the reference gas chamber pressure and the cell gas valve were subsequently 

measured. The volume of the GO powder samples was calculated using equation 3.1. Five 

measurements where performed and an average value was reported. 

𝑉𝑆 = 𝑉𝐶 − 𝑉𝑅 (
𝑃1

𝑃2
− 1)                     (3.1) 

where P1 (MPa) is the pressure in the reference gas chamber, P2 (MPa) is the pressure in the cell 

gas chamber, VS (cm3) is the volume of the GO sample, VR (cm3) is the volume of the spherical 

stainless-steel material in the reference chamber (90.5 cm3) and VC (cm3) is the volume of spherical 

stainless-steel material in the cell chamber (147.6 cm3).   

 

Figure 3.15. Micromeritics AccuPyc 1340 gas pycnometer used to determine the GO density. 
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3.5 GO reinforced epoxy composites characterization techniques 

The physical (density and porosity), mechanical (tensile and flexural) and thermal properties 

(thermal conductivity and Tg) of the epoxy/GO composites fabricated in this research work were 

determined through different tests as will be described in the following section. In addition, an 

analysis of the tensile and flexural fractured surfaces were performed using SEM. 

 Density measurement and calculation 

Samples with a diameter of 12.5 mm and a thickness of 6 mm were used to determine the 

experimental density of the GO reinforced composites using an Archimedes’ principle 

configuration [124], as shown in Figure 3.16. For this purpose, the specimens were conditioned 

for 48 hours at 23 ⁰C. Then, the specimens were weighed in air (mair) and subsequently weighed 

while immersed in water (mH2O) [125]. The density was calculated using equation 3.2. 

𝜌𝐶 =
𝑚𝑎𝑖𝑟

𝑚𝑎𝑖𝑟−𝑚𝐻2𝑂
𝜌𝑤              (3.2) 

where 𝜌𝐶 (g/cm3) is the density of the composite, 𝜌𝑤 (g/cm3) is the density of water (0.9975 g/cm3 

at 23 ⁰C), mair (g) is the mass of the specimen in air, and mH2O (g) is the mass of the specimen while 

immersed in water.  

 

Figure 3.16. Archimedes’ principle configuration used to determine the composites density. 
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The theoretical density of the composites was calculated through the Rule of Mixture (ROM) 

[124]. The ROM is based on the assumption that composite properties are a result of the volume 

weighed average of its constituents’ properties [126]. Therefore, the weight fractions of the 

composites were transformed to volume fraction using equation 3.3 [125, 127, 128]. Thereupon, 

the theoretical density was calculated using equation 3.4 [125, 127, 128]. 

𝑉𝑓 =
𝑊𝑓

𝑊𝑓+(1−𝑊𝑓)
𝜌𝐹
𝜌𝑚

                         (3.3) 

𝜌𝑐 = 𝑉𝑚𝜌𝑚 + 𝑉𝑓𝜌𝑓              (3.4) 

where Wf is the weight fraction of the composite reinforcement, Vm is the volume fraction of the 

matrix, Vf is the volume fraction of the composite reinforcement, 𝜌𝑐, 𝜌𝑚 and 𝜌𝑓 (g/cm3) are the 

densities of the composite, matrix and reinforcement, respectively. 

In addition, the pore volume fraction was calculated using equation 3.5 [83]. 

𝜗𝑣 = 100% ∗ (1 −
𝜌𝑒

𝜌𝑡
)                          (3.5) 

where 𝜗𝑣 is the pore volume fraction of the composite, 𝜌𝑒 (g/cm3) is the experimental density value 

obtained using the mentioned Archimedes’ principle configuration, and 𝜌𝑡 (g/cm3) is the 

theoretical density value calculated using the ROM. 

 Composite tensile test 

The tensile dog-bone shaped samples were fabricated and tested using with an Instron 600LX 

universal testing machine (Saskatchewan Polytechnic, Saskatoon Campus), as shown in Figure 

3.17. The tests were conducted at a strain rate of 5 mm/min as suggested in the ASTM D638-14 

[129] standard. Five specimens were tested for every GO weight percentage and an average value 

was reported. An Instron Advanced Video Extensometer 2663-821 was used to obtain the strain 

measurements with an initial gauge length of 50 mm. 
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Figure 3.17. Instron 600 LX universal testing machine used for the tensile test of specimens. 

 Composite flexural test 

The flexural specimens were produced and tested according to ASTM D790-17 standard using a 

three-point configuration. An Instron 3360 universal testing machine (Figure 3.18) was used with 

a crosshead speed (R) of 1.875 mm/min as calculated using equation 3.6 [130]. The support span 

length was 60 mm to procure a span-to-depth ratio of at least 16:1. Five specimens were tested for 

every GO weight percentage and an average value was reported. 

𝑅 =
𝑍𝐿2

6𝑑
               (3.6)   

where Z is the rate of straining of the outer surface and is equal to 0.01 mm/mm/min, L is the 

support span (60 mm), and d is the sample thickness (3.2 mm). 
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Figure 3.18. Three-point flexural tests configuration on a sample with 1.2 wt. % of epoxy/GO 

composite. 

The flexural stress 𝜎𝑓 (MPa) was calculated using equation 3.7 [130], while the flexural modulus 

(MPa) was calculated using equation 3.8 [130]. 

𝜎𝑓 =
3𝑃𝐿

2𝑏𝑑2
               (3.7) 

where P is the load (N) at given point on the load-deflection curve, L (mm) is the support span, b 

(mm) is the width of the beam, and d (mm) is the depth of the beam tested.  

𝐸𝐵 =
𝐿3𝑚

4𝑏𝑑3
               (3.8) 

where L (mm) is the support span, m (N/mm) is the slope of the tangent to the initial straight-line 

portion of the load-deflection curve, b (mm) is the width of the beam testes, and d (mm) is the 

depth of the beam tested. 
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 SEM analysis of fractured surfaces 

For this purpose, the fractured samples from the tensile tests were thinly cut at their cross-section 

and each placed onto an SEM support stubs using a conductive double-sided carbon tape, as shown 

in Figure 3.19 (a). Subsequently, the samples received a gold coating layer, as shown in Figure 

3.19 (b). The samples were then placed in the SEM specimen holder, as shown in Figure 3.20. A 

JEOL JSM-6010 LV scanning electron microscope operated with an acceleration voltage of 10 kV 

was used to observe the fracture surface morphology.  

 

Figure 3.19. (a) Fractured samples before gold coating, and (b) fractured samples after gold 

coating. 

 

Figure 3.20. Fracture surface samples for SEM viewing secured in the specimen holder. 
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 Composite thermal conductivity test 

Thermal conductivity measurements of the samples were determined according ASTM C518-17 

[131]. The thermal conductivity specimens were tested using a LaserComp Fox 314 heat flow 

meter (HFM) (Figure 3.21) equipped with WinTherm32 V3 software. For this purpose, the upper 

plate was set to a temperature of 10 °C and the lower plate temperature was set to 35°C to have a 

25°C temperature difference across the sample. In order to have an adequate water circulation 

process, a water flow rate of 20 gallons per hour (GPH) was set. Five specimens were tested for 

every GO weight percentage and an average value was reported. A polystyrene frame was used to 

isolate the sample and perform the test only in the area corresponding to the sample, as shown in 

Figure 3.22. 

 

Figure 3.21. HFM used to evaluate the composite thermal conductivity. 

 

Figure 3.22. Polystyrene frame used in the test. 

Polystyrene 

frame 

Specimen 
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 DSC measurements 

Thermal analysis (glass transition temperature) of GO reinforced epoxy composites was performed 

using a Q20 differential scanning calorimeter from TA instruments, as shown in Figure 3.23. Scans 

were performed with powder samples of approximately 7-10 mg which were placed in an 

aluminum pan (Figure 3.24) under nitrogen gas atmosphere at a temperature range from 23⁰C to 

300⁰C using a heating rate of 10⁰C/min. The Tg was determined by following the standard ASTM 

E1356-08 [132].  

 

Figure 3.23. Q20 differential scanning calorimeter used to perform DSC tests. 

 

Figure 3.24. Sample and reference placed in the DSC chamber. 

Reference 

Sample 
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 Statistical analysis 

One-way single factor analysis of variance (ANOVA) was used to determine the existence of 

statistically significant differences between the GO reinforcement loadings and the mechanical 

(tensile strength, tensile modulus, flexural strength and flexural modulus) and thermal properties 

(thermal conductivity) of the GO reinforced composites. This analysis was performed using 

Microsoft Excel 365 2016 with a confidence level of 95 %, which corresponds to a significance 

level of 0.05. In ANOVA statistical analysis, the null hypothesis is that all results are random 

samples from the same population. Therefore, rejecting the null hypothesis (p-value < 0.05) 

suggests the existence of a significant difference in the mean values. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

The obtained results from the experimental procedure described in Chapter 3 are presented and 

analyzed in this chapter. The chapter contains two main sections. The first section focused on 

synthesized GO powder characterization while the second section focused on the epoxy/GO 

composites characterization. Finally, a summary section is presented with a brief overview of the 

results obtained.  

4.1 GO powder characterization 

GO powder characterization includes SEM analysis for graphite and GO powder to observe both 

morphologies, as well as FTIR to determine the correct oxidation of GO through the presence of 

functional groups and XPS measurements to determine the elemental composition of the 

synthesised GO. Density measurements of the GO powder were also conducted. 

 SEM analysis for powder morphology 

The SEM micrographs of the graphite powder are shown in Figure 4.1 (a) and Figure 4.1 (c), while 

GO powder micrographs are shown in Figure 4.1 (b) and Figure 4.1 (d). As can be observed from 

the higher magnification image of Figure 4.1 (c), graphite powder showed structures with round 

and smooth edges which formed a solid material by the stacking of several carbon sheets with a 

resulting thickness of several micrometers. Additionally, these structures presented a width which 

is lower than 44 μm, as stated in the natural graphite flakes specifications from the manufacturers’ 

data sheet. After performing the oxidation process through Hummers method, the obtained GO 

powder showed structures with irregular shapes and rough edges which were tightly stacked in 

different layers [101]. During the purification and drying stages, GO structures tended to stack 

together, which is a process described as re-packing in the solid phase, due to the oxygen domains 

on the graphene basal plane [101]. In addition, the GO structures, shown in Figure 4.1 (d), 

possessed a higher thickness than the natural graphite structures. This may be due to the larger 

interlayer spacing between the GO sheets as a result of the oxygen functional groups attached to 

the GO basal plane [133].  
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Figure 4.1. SEM images of (a) graphite powder with a magnification of 100x, (b) GO powder 

with a magnification of 100x, (c) graphite powder with a magnification of 500x, and (d) GO 

powder with a magnification of 500x. 

 FTIR 

FTIR spectra of the as received natural graphite flakes and synthesized GO are shown in Figure 

4.2Figure 4.2. FTIR spectra of graphite and GO powder.. It can be observed that graphite spectra 

showed a nearly constant normalized absorbance (a.u.) value of approximately 0.9, which 

corresponded to the chemical composition of graphite of about 99 % pure carbon indicating a 

chemically inert structure of bulk graphite [107]. On the other hand, GO spectra showed 

characteristic peaks at different wavenumbers confirming the oxidation process and the presence 

of functional groups attached [108, 109, 110]. For example, a wide peak is present in the range of 
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3400-3600 cm-1 corresponding to hydroxyl (O-H) group stretching vibrations [110, 108, 109] and 

water absorption [107, 110]. In addition, another peak is present at approximately 1700 cm-1 

corresponding to C=O stretching from carbonyl and carboxylic groups [107, 108, 134], while the 

peak at approximately 1600 cm-1 is attributed to C=C configurable vibrations [134]. The peak at 

around 1200 cm-1 matches the C-OH stretching from carboxylic groups [107, 110, 109]. The peak 

at about 1050 cm-1 is related to skeletal C-O or C-C stretching from carbonyl, carboxylic and epoxy 

groups [107, 110]. FTIR analysis showed the presence of functional groups containing oxygen in 

the synthesized GO and the absence of the mentioned functional groups in the graphite sample 

confirming a correct oxidation process occurred during the GO synthesis.  

 

Figure 4.2. FTIR spectra of graphite and GO powder. 

 XPS 

XPS spectra of natural graphite flakes and synthesized GO are shown in Figure 4.3. The graphite 

powder in Figure 4.3 (a)Figure 4.3. XPS spectra for graphite powder (a) and GO powder (b). has 

a distinctive carbon 1s peak found at approximately 284 eV. In addition to the carbon 1s peak, an 

oxygen 1s peak and an oxygen KLL peak were found at approximately 532 and 984 eV, 
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respectively. These oxygen peaks can be attributed to adventitious carbon from the exposure of 

the sample to the atmosphere [135]. For graphite powder, the elemental composition was 

determined to be 98.64 % of carbon and 1.36 % of oxygen similar to the manufacturers’ data sheet. 

On the other hand, for GO powder, shown in Figure 4.3 (b), a carbon 1s peak was found at 284 

eV, an oxygen 1s peak was found at 532 eV, an oxygen KLL peak was found at 984 eV and a 

significantly minor peak was found at 167 eV which corresponded to sulfur 2p. The sulfur 2p peak 

can often be found in GO obtained through Hummers method due to the use of sulfuric acid 

(H2SO4) during the synthesis process [115]. For GO powder, the elemental composition was 

determined to be 69.58 % carbon, 29.84 % oxygen, and 0.57 % sulfur. In different studies, the C/O 

ratio for GO synthesized through Hummers method was found within the range of 1.8 - 2.7 [85, 

115]. Given the elemental composition of GO, the C/O ratio in this study was determined to be 2.3 

which is located within the range of values corresponding to a successful GO synthesis process. 

 

Figure 4.3. XPS spectra for graphite powder (a) and GO powder (b). 

In addition, high resolution scans using 0.05 eV steps were performed for the GO powder sample, 

as shown in Figure 4.4. C 1s high resolution spectra for GO powder with respect to C=C peak. in 

order to determine the percentage of oxidized carbon and graphitic carbon. The high-resolution 

spectra were deconvoluted into four different peaks: carbon sp2 (C=C) at 284.4 eV, 
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epoxy/hydroxyls (C-OH) at 286.2 eV, carbonyl (C=O) at 287.8 eV, and carboxylates (O-C=O) at 

289.0 eV. The carbon composition was determined to be 53.18 % carbon sp2 (C=C), 32.60 % 

epoxy/hydroxyls (C-OH), 7.03 % carbonyl (C=O), and 7.19 % carboxylates (O-C=O). The 

mentioned epoxy/hydroxyls (C-O), carbonyl (C=O), and carboxylates (O-C=O) values were added 

together in order to determine the percentage of oxidized carbon, with a total value of 46.82% of 

oxidized carbon and 53.18% of graphitic carbon.  

 

Figure 4.4. C 1s high resolution spectra for GO powder with respect to C=C peak. 



53 

 

 Density measurement  

GO powder samples were placed in a steel cup and weighed. The mass obtained was 4.775 grams 

and was constant for all measurements. Five volume measurements were performed for the same 

GO sample. The average particle density for the GO powder was 2.085 ± 0.002 g/cm3.  

4.2 GO reinforced epoxy composites characterization 

In this section, the results obtained from the physical (density), mechanical (tensile and flexural), 

and thermal (thermal conductivity and glass transition temperature) tests involving specimens 

made from GO reinforced epoxy composites are shown and analyzed.  

 Density measurement and calculation 

The effect of GO additions to the epoxy resin density are shown in Figure 4.5, while the theoretical 

density, experimental density and pore volume fraction of the composites are shown in Table 4.1. 

The bulk density of the bio-epoxy resin was determined to be 1.107 ± 0.004 g/cm3, which is similar 

to the manufacturer’s datasheet (1.094 g/cm3). It can be observed in Figure 4.5 that the theoretical 

densities are slightly higher than the experimental results for all GO loadings. This can be 

attributed to the presence of voids formed during the composite manufacturing process due to 

residual amounts of solvent and gas produced during the curing process as well as entrapped air 

bubbles. The theoretical calculation assumed no voids in the specimens. Efforts such as vacuum 

degassing and slowly pouring the liquid epoxy into the silicone molds was done to prevent air 

bubbles from forming during the resin curing stage. Moreover, the experimental density values for 

epoxy/GO composites increased as the reinforcement loading increased since the density for GO 

powder was determined to be 2.085 ± 0.002 g/cm3. On the other hand, the GO addition caused a 

gradual increment in the pore volume fraction of the composites. This could lower the mechanical 

properties of the composites as the actual sectional area of the specimen reduces in the material as 

the pore volume fraction increases. For example, the pore volume fraction reached a maximum of 

1.491 % when the GO reinforcement loading was 1.2 wt. %. The increased pore volume fraction 

can be attributed to a higher viscosity produced by the addition of the reinforcements that have 

been reported to hinder the vacuum degassing process which prevents the elimination of entrapped 

air within the composite [83].  
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Table 4.1. Theoretical density, experimental density and pore volume fraction values for 

epoxy/GO composites at different GO reinforcement loadings. 

Composite 

formulation 

Theoretical density 

(g/cm3) 

Experimental density  

(g/cm3) 

Pore volume fraction 

(%) 

Pure epoxy - 1.105 ± 0.004 - 

0.1 wt. % GO 1.106 1.105 ± 0.006 0.03 

0.3 wt. % GO 1.107 1.106 ± 0.002 0.05 

0.5 wt. % GO 1.108 1.107 ± 0.002 0.08 

0.8 wt. % GO 1.109 1.108 ± 0.003 0.11 

1.2 wt. % GO 1.111 1.109 ± 0.003 0.17 

 

 

 

Figure 4.5. Comparison between theoretical and experimental density values for epoxy/GO 

composites at different GO reinforcement loadings. 

1.100

1.105

1.110

1.115

0 0.2 0.4 0.6 0.8 1 1.2 1.4

D
en

si
ty

 (
g
/c

m
3
)

GO wt. % in composite formulation

Experimental density

Theoretical density



55 

 

 Tensile test 

The tensile strength and tensile modulus obtained for the epoxy/GO composites are presented in 

Figure 4.6 an Figure 4.7, respectively. The tensile strength and tensile modulus for pure epoxy was 

determined to be 63.37 ± 3.1 MPa and 2.74 ± 0.14 GPa, respectively, which is comparable to the 

manufacturers data sheet of 62 MPa and 3 GPa.  An improvement in tensile strength and tensile 

modulus was observed at 0.1, 0.3, and 0.5 wt. % of GO reinforcement loadings compared to the 

properties obtained for pure epoxy specimens. For example, the epoxy composites containing 0.1, 

0.3 and 0.5 wt. % of GO reinforcement loadings improved by 9, 15 and 4 % in tensile strength, 

respectively. For the same composites, the tensile modulus improved by 4, 13 and 5 %, 

respectively. The improvement in the tensile properties can be attributed to the compatibility that 

GO showed with epoxy resins making a good dispersion of the reinforcement in the matrix 

possible. A well distributed reinforcement eases the transference of the applied load from the 

epoxy matrix to the stiffer GO reinforcement [92, 107, 119]. In addition, the GO tensile modulus 

of a single layer has been reported to be approximately 207 GPa [89, 90]. A change in color (dark 

brown to black) was observed after the addition of the GO reinforcement into the epoxy matrix 

regardless of the reinforcement loading which has been attributed to the formation of covalent 

bonds between the GO reinforcement and the epoxy matrix [136]. Different studies obtained 

similar increments in the tensile properties of GO reinforced polymer matrix composites at low 

GO reinforcement loadings [107, 108, 137]. Nevertheless, both tensile properties decreased when 

specimens with 0.8 and 1.2 wt. % of GO reinforcement loading were tested. The tensile strength 

for composites with 0.8 and 1.2 wt. % of GO reinforcement decreased by 3 and 20 %, respectively. 

Likewise, the tensile modulus decreased by 2 and 5 % at 0.8 and 1.2 wt. %, respectively. The 

reduction in the tensile properties of epoxy/GO composites was observed by and Bortz et al. [120] 

when a relatively higher reinforcement loading was used (1.0 wt. %). This reduction in both tensile 

properties can be attributed to two different factors. First, individual GO sheets tend to agglomerate 

and restack on top of each other due to strong van der Waals forces. This agglomeration and 

restacking process reduces the interface between the epoxy matrix and the GO reinforcement 

hindering the load transference process from the matrix to the reinforcement and reducing the 

performance of the material [92, 107, 119]. As the load is transferred from the matrix to the GO 

stacks, the strengths between each GO sheet is weaker than the bond strengths between the single 

GO sheets and the epoxy. Secondly, as mentioned earlier, the reduction in the tensile properties 
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can be attributed to an increasing pore volume fraction as the GO reinforcement loading increases 

[83] which causes a reduction in the cross-sectional area of the specimen due to the presence of 

entrapped air bubbles. 

 

Figure 4.6. Tensile strength of GO reinforced epoxy composites containing different amounts of 

reinforcement loadings. 

 

Figure 4.7. Tensile modulus of GO reinforced epoxy composites containing different amounts of 

reinforcement loadings. 
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 Flexural test 

The flexural strength and flexural modulus obtained for the epoxy/GO composites are presented 

in Figure 4.8 and Figure 4.9, respectively. The flexural strength and flexural modulus for pure 

epoxy was determined to be 95.33 ± 2.6 MPa and 2.53 ± 0.15 GPa, respectively, which is 

comparable to the manufacturers data sheet of 92.7 MPa and 2.8 GPa. For the flexural strength, an 

improvement was observed for two weight percentages (e.g. 0.1 and 0.3 wt. %), but had a slight 

decrease when 0.5, 0.8, and 1.2 wt. % GO were added. The composites with 0.1 and 0.3 wt. % of 

GO improved in flexural strength by 6.17 and 12.58 %, respectively, but decreased by 0.67, 1.57, 

and 7.03 % with the addition of 0.5, 0.8, and 1.2 wt. % GO, respectively, when compared to the 

results obtained from pure epoxy specimens. An improvement in the flexural modulus was 

observed at all GO reinforcement loadings (0.1, 0.3, 0.5, 0.8 and 1.2 wt. %) when compared to the 

same property obtained from pure epoxy specimens. The composites including 0.1, 0.3, 0.5, 0.8 

and 1.2 wt. % of GO reinforcement loadings improved by 15.42, 32.03, 15.65, 12.45, and 7.27 % 

in their flexural modulus, respectively. A similar trend was observed by Tang et al. [118]. In the 

mentioned study, the authors observed an increment in the flexural modulus when different GO 

reinforcement loadings were added with a maximum increment at 0.5 wt. %. For flexural strength, 

the authors observed a maximum value when a 0.5 wt. % of GO reinforcement was added. In 

contrast, when the authors tested a composite with 1 wt. % GO, this property decreased by 

approximately 47 % which was attributed to an uneven dispersion caused by the agglomeration of 

the GO reinforcements. The observed flexural property improvements can be attributed to a well 

dispersed reinforcement and the high reactivity that GO shows with epoxy as a result of the 

presence of different functional groups on its basal plane [107, 108, 120].  On the other hand, the 

lower flexural strength obtained at higher GO loadings can be due to the agglomeration of the GO 

reinforcement within the epoxy resin as a result of the characteristics of GO restacking process 

that sonicated GO experiences [92, 107]. In addition, the reduced values may be due to an 

increment in the pore volume fraction as the GO reinforcement loading increased [83] which 

causes a reduction in the specimen cross-sectional area.  
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Figure 4.8. Flexural strength of GO reinforced epoxy composites containing different amounts of 

reinforcement loadings. 

 

Figure 4.9. Flexural modulus of GO reinforced epoxy composites containing different amounts 

of reinforcement loadings. 

0

20

40

60

80

100

120

140

F
le

x
u

ra
l 

st
re

n
g
th

 (
M

P
a
)

Formulations

0.00% 0.10% 0.30% 0.50% 0.80% 1.20%

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

F
le

x
u

ra
l 

m
o
d

u
lu

s 
(G

P
a
)

GO wt.%

0.00% 0.10% 0.30% 0.50% 0.80% 1.20%



59 

 

 SEM tensile fractured surface analysis 

SEM micrographs of the tensile fractured surfaces of GO reinforced epoxy composites at different 

reinforcement loadings are shown in Figure 4.10. In Figure 4.10 (a), the fractured surface for a 

pure epoxy specimen can be observed. This fractured surface presented a characteristic cleavage 

surface suggesting a brittle fracture with a low number of crack paths which generally occurs for 

thermoset polymers. In addition, the observed smooth surfaces are indicative of a short crack 

propagation stage and a rapid failure of the specimen when a tensile stress was applied. From 

Figure 4.10 (b) to Figure 4.10 (f), the fractured surfaces of epoxy/GO composites at different 

reinforcement loadings are presented. Modifications in the fractured surfaces can be observed. The 

morphology showed a coarse multiplane feature with a rougher surface than the pure epoxy with 

corresponding smaller faceted surfaces. The mentioned rougher surface in comparison to the 

surface obtained from pure epoxy specimens may indicate a crack propagation hindering 

mechanism causing the deflection of propagating cracks and a subsequent material strengthening 

due to a higher strain energy required to fracture the material.  

 

  

(a) (b) 
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Figure 4.10. SEM micrographs of tensile fractured surfaces of (a) pure epoxy specimen, (b) 

specimen with 0.1 wt. % of GO loading, (c) specimen with 0.3 wt. % of GO loading, (d) 

specimen with 0.5 wt. % of GO loading, (e) specimen with 0.8 wt. % of GO loading, and (f) 

specimen with 1.2 wt. % of GO loading. 

 

 SEM flexural fractured surface analysis 

SEM micrographs of the flexural fractured surfaces of GO reinforced epoxy composites at 

different reinforcement loadings are shown in Figure 4.11. As observed in the tensile fractured 

surfaces, the flexural fractured surface for the pure epoxy specimen (Figure 4 a) showed a cleavage 

morphology with a smooth surface and a reduced number of crack paths suggesting a brittle failure 

which is characteristic for thermoset polymers. From Figure 4.11 (b) to Figure 4.11 (f), the flexural 

(c) (d) 

(e) (f) 
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fractured surfaces of epoxy/GO composites at different reinforcement loadings are presented. It 

can be observed the addition of GO reinforcement at all filler loadings caused a modification in 

the fractured surfaces of the composites. A rougher surface morphology was observed with smaller 

faceted surfaces when compared to a pure epoxy specimen which may be caused by the 

interruption of failure propagation. The addition of the GO reinforcement may impede the 

propagation of cracks leading to an increase in the composite mechanical strength.  

 

  

  

(c) 

(b) 

(d) 

(a) 
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Figure 4.11. SEM micrographs of flexural fractured surfaces of (a) pure epoxy specimen, (b) 

specimen with 0.1 wt. % of GO loading, (c) specimen with 0.3 wt. % of GO loading, (d) 

specimen with 0.5 wt. % of GO loading, (e) specimen with 0.8 wt. % of GO loading, and (f) 

specimen with 1.2 wt. % of GO loading. 

 

 Thermal conductivity 

The thermal conductivity results for GO reinforced composites with different reinforcement 

loadings are presented in Figure 4.12. For pure epoxy specimens, the thermal conductivity was 

determined to be 0.050917 W/mK. After the addition of different GO reinforcement loadings 

ranging from 0.1 to 1.2 wt. %, this property decreased by 2.3 % with a reinforcement loading of 

0.1 wt. % GO and increased by 0.3 % with 0.3 wt. % GO. However, when 0.5 or 0.8 wt. % were 

added, the composite decreased in thermal conductivity by 0.04 %, and increased 0.88 % for 1.2 

wt GO. In general, carbonaceous materials show high thermal conductivity. For this reason, 

composite materials with carbonaceous reinforcements have been developed to improve the 

thermal conductivity of a polymer matrix [138], a property controlled by phonons in insulator 

materials [139]. However, the oxygen-based functional groups present in GO basal plane makes 

GO thermal transport properties different from other carbonaceous material properties [122]. The 

inclusion of functional groups in GO, which are randomly distributed in its structure, cause a 

modification in the lattice symmetry of the composite material which produces phonon scattering 

and localization [140, 141] which reduces phonons’ mean free path (MFP). Therefore, when any 

(e) (f) 
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heat flux propagates through the composite material thickness, it needs to overcome different 

obstacles or barriers which prevent an improvement in the composite material thermal 

conductivity.  

 

Figure 4.12. Thermal conductivity of GO reinforced epoxy composites containing different 

amounts of reinforcement loadings. 

 

 DSC results 

Figure 4.13 presents the DSC endothermic thermographs for epoxy resin composites reinforced 

with GO at different reinforcement loadings. The Tg midpoint of pure epoxy was determined to be 

56.6 ⁰C which was comparable to the value obtained from the datasheet obtained from the 

manufacturer (e.g. 54.0 ⁰C). The addition of the reinforcements led to a modification in the epoxy 

network behaviour which caused an increase in the Tg when compared to pure epoxy. For example, 

Tg was determined to increase by 0.7, 1.3, 2.3, 3.6, and 5.8 ⁰C for composites containing 0.1, 0.3, 

0.5, 0.8 and 1.2 wt. % of the GO reinforcement loadings, respectively. This increase in Tg was 

attributed to the inclusion of the GO reinforcement which reduces the polymer chains mobility and 
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act as a physical interlock in the cured epoxy matrix [142, 143]. Therefore, a higher temperature 

is required in order to increase the polymer chains mobility and reach a rubbery state. 

 

Figure 4.13. DSC endothermic thermographs of GO reinforced epoxy composites containing 

different amounts of reinforcement loadings. 

 Statistical analysis 

Tables 4.2, 4.3, and 4.4 present the results of one-way single factor ANOVA analysis on the tensile 

properties (tensile strength and tensile modulus), flexural properties (flexural strength and flexural 

modulus), and thermal conductivity, respectively. ANOVA analysis was used to determined if 

there was a significant change on the mentioned properties with the addition of different 

reinforcement loadings. In ANOVA analysis, there is a significant difference in the mean values 

if the obtained F-test statistic value is greater than Fcrit. In addition, a p-value lower than 0.05 

(confidence level of 95 %) confirms the significant difference in the mean values. In this research, 

the F-test statistic values for tensile strength, tensile modulus, flexural strength, flexural modulus, 

and thermal conductivity is higher than its critical value. In the same way, the p-value for every 

property was lower than 0.05. For these reasons, the addition of GO as a reinforcement had a 
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significant impact on the tensile strength, tensile modulus, flexural properties, flexural strength, 

flexural modulus, and thermal conductivity of the composites. 

Table 4.2. ANOVA table for the effect of GO weight percentage (wt. %) on the tensile properties 

of GO reinforced composites. 

Property 
Source of 

Variation 

Sum of 

squares 

Degree 

of 

freedom 

Mean 

square 

F-test 

statistic 
P-value 

Fcrit 

(critical 

value) 

Tensile 
Between 

Groups 
61276.91 1 61276.91 2331.14 

1.56E-

48 
4.01 

strength 
Within 

Groups 
1524.60 58 26.29    

        

  Total 62801.51 59     

Tensile 
Between 

Groups 
82.18 1 82.18 759.33 5.2E-35 4.01 

modulus 
Within 

Groups 
6.28 58 0.11    

        

  Total 88.46 59     

 

 

Table 4.3. ANOVA table for the effect of GO weight percentage (wt. %) on the flexural properties 

of GO reinforced composites. 

Property 
Source of 

Variation 

Sum of 

squares 

Degree 

of 

freedom 

Mean 

square 

F-test 

statistic 
P-value 

Fcrit 

(critical 

value) 

Flexural 
Between 

Groups 139243.09 1 139243.09 6841.59 

6.81816E-

62 4.01 

strength 
Within 

Groups 1180.44 58 20.35    
 

       

  Total 140423.54 59     

Flexural 
Between 

Groups 86.24 1 86.24 680.75 

9.73681E-

34 4.01 

modulus 
Within 

Groups 7.35 58 0.13    
 

       

  Total 93.59 59     
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Table 4.4. ANOVA table for the effect of GO weight percentage (wt. %) on the thermal 

conductivity of GO reinforced composites. 

Property 
Source of 

Variation 

Sum of 

squares 

Degree 

of 

freedom 

Mean 

square 

F-test 

statistic 
P-value 

Fcrit 

(critical 

value) 

Thermal 
Between 

Groups 2.81 1 2.81 31.66 5.57E-07 4.01 

conductivity 
Within 

Groups 5.14 58 0.09    

        
  Total 7.95 59         
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CHAPTER 5 

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

5.1 Summary 

In this study, graphene oxide (GO) was synthesized via Hummers method. GO powder was 

characterized using FTIR, XPS, and SEM in order to determine GO successful oxidation process, 

elemental composition and observe the powder morphology. GO powder was exfoliated and 

successfully incorporated into a bio-epoxy resin matrix with different reinforcement loadings using 

a solution mixing method. The physical (density), mechanical (tensile strength, tensile modulus, 

flexural strength and flexural modulus) and thermal properties (thermal conductivity and glass 

transition temperature) of the manufactured composites were studied. The composite density 

increased as the reinforcement loading increased due to the addition of a reinforcement with a 

higher density in comparison to the matrix. The mechanical (tensile and flexural) properties of the 

composite improved with the addition of the reinforcement reaching a maximum increment when 

the reinforcement loading was 0.3 wt. %. The thermal conductivity of the composites did not 

significantly increase due to the oxygen content of the reinforcement. The glass transition 

temperature of the composites increased as the reinforcement loading increased.  

5.2 Conclusions 

In the present research, different GO reinforcements loadings were added to bio-epoxy resin using 

a solution mixing method. GO morphology, oxidation state and elemental composition were 

determined. In addition, physical (density), mechanical (tensile and flexural) and thermal (thermal 

conductivity and glass transition temperature) properties of the obtained composite materials were 

determined. The main findings from this research are presented in this section: 

• SEM micrographs revealed synthesized GO morphology was formed by several-layered 

structures with irregular shapes and rough edges due to the oxygen based functional groups on 

the GO basal plane having a higher thickness in comparison to pristine graphite. 
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• FTIR performed on synthesized GO revealed characteristic peaks at different wavenumbers 

confirming the correct oxidation process and the presence of functional groups attached. Peaks 

were found at approximately 3600-3400, 1700, 1600, 1200, and 1050 cm-1 corresponds to 

hydroxyl (O-H) group stretching vibrations and water absorption, C=O stretching from 

carbonyl and carboxylic groups, C=C configurable vibrations, C-OH stretching from 

carboxylic groups, and skeletal C-O or C-C stretching from carbonyl, carboxylic and epoxy 

groups, respectively. 

 

• XPS spectra determined the elemental composition of synthesized GO was 69.58 % of carbon, 

29.84 % of oxygen, and 0.57 of sulfur which determined a carbon to oxygen ratio (C/O) of 2.3 

which is considered to be relatively high within GO synthesized through Hummers method 

(1.8 – 2.5) 

• The experimental density of the composites increased as the GO reinforcement loading 

increased due to the higher density of the reinforcement in comparison to the matrix. The 

experimental density was determined to be slightly lower than the theoretical density 

calculated through the Rule of Mixture (ROM) due to the presence of voids in the composites. 

The highest void content was observed in the composite containing a GO reinforcement 

loading of 1.2 wt. %.  Voids were a result of the manufacturing process. 

 

• The tensile properties obtained for the epoxy/GO composites experienced an improvement in 

tensile strength and tensile modulus at 0.1, 0.3, and 0.5 wt. % of GO reinforcement loading. 

The maximum increment of 14.84 % and 13.20 % occurred for tensile strength and modulus 

at 0.3 wt. % GO loading, respectively. For higher GO loadings (0.8 and 1.2 wt. %), both tensile 

properties decreased. In the case of the flexural properties obtained for the epoxy/GO 

composites, the flexural modulus improved for all reinforcement loadings with a maximum 

improvement of 32 % at 0.3 wt. % GO. For the flexural strength, an improvement was observed 

for 0.1 and 0.3 wt. % with a maximum increment of 12.6 % at a reinforcement loading of 0.3 

wt. %. The improvement in the mentioned properties may be due to the compatibility that 

single sheets of GO shows with epoxy resins as a result of its oxygen functional groups. The 

bonding of GO and epoxy eases the transference of the applied load from the matrix to the 

reinforcement. For higher reinforcement loadings (0.8 and 1.2 wt. %), the reduction in the 
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mechanical properties can be attributed to the agglomeration of GO, a process which reduces 

the interface between the epoxy matrix and the GO reinforcement hindering the load 

transference process. 

 

• SEM micrographs of the tensile and flexural fractured surfaces of GO reinforced epoxy 

composites at different reinforcement loadings revealed a modification in the fracture surfaces. 

After the addition of GO, a rougher surface with smaller faceted surfaces was observed which 

may be attributed to a crack propagation hindering mechanism causing the material 

strengthening. 

 

• The thermal conductivity for GO reinforced composites with different reinforcement loadings 

did not show a significant change with a maximum improvement of approximately 1 % when 

the GO reinforcement loading was 1.2 wt. %. The slight change in the thermal conductivity 

can be attributed to the content of functional groups in GO which causes lattice symmetry 

modification and strong phonon scattering which tends to reduce phonons mean free path 

(MFP). 

 

• DSC thermographs indicated an increase in Tg after the addition of the GO reinforcement 

which may be caused by the reduction in polymer chain mobility due to the presence of the 

reinforcement. 

 

• One-way single factor ANOVA analysis determined a significant interaction between the 

reinforcement loading and the mechanical (tensile and flexural) and thermal (thermal 

conductivity) properties of the GO reinforced composites.   

5.3 Recommendations for future work 

Based on this research, several suggestions for future work are listed below:  

• Investigate a chemical or thermal treatment to reduce the oxygen content making possible an 

improvement in the composite thermal conductivity. 
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• Investigate the effect of reduced graphene oxide addition on the mechanical properties and 

thermal conductivity of bio-epoxy/GO composites.  

 

• Thermal conductivity of the composite may be determined using a different equipment such a 

laser flash apparatus in order to contrast the obtained results.  
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