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ABSTRACT 

 

The loss of properties due to the ultra violet (UV) light exposure has been a long standing 

problem in composite materials. To overcome this issue, the composite materials are often 

coated with a polymeric material. Even though the polymers offer improved resistance against 

UV degradation, they are not a comprehensive solution to overcome the problem, because over a 

prolonged period of time, the coatings themselves are susceptible to UV degradation. This 

research was aimed to improve the resistance of the coatings against the UV degradation. In 

order to achieve that, nanoscale additive, namely graphene, was uniformly dispersed into the 

coatings, and then applied onto the surface of the glass fiber reinforced composite materials. 

 It was hypothesized that graphene, being a very good nano reinforcement material, 

would act as a strong binding agent and increase the resistance of the coating against the UV 

degradation. The effects of the addition of the nano-additives were tested by performing atomic 

force microscopy, water contact angle measurement, coating thickness measurement and the 

FTIR studies. The experimental results confirmed that addition of nano-additives does in fact 

improve the resistance of the coatings against UV degradation. As a result, this study will prove 

a number of advantages for different industrial applications.  
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CHAPTER 1 

INTRODUCTION 

1.1 Composite materials 

1.1.1 Definition 

Composite materials (commonly known as composites) can be defined as materials that 

are made from two or more materials that have significantly different physical and chemical 

properties. The constituent phases are combined at the macroscopic level and are insoluble in 

each other [1]. The composites are mainly comprised of two constituents. 

i. Fiber 

ii. Matrix 

  The fibers (or reinforcements) are the primary load bearing members. The strength, 

volume fraction and alignment of the fibers play the critical role in deciding the final properties 

of the composite. The matrix plays the role of the binder which holds the fibers in desired 

orientation. The matrix (generally a polymer) being chemically inert protects the fibers from 

adverse environmental effects. The matrix also transfers the applied load to the fibers. 

1.1.2 Advantages and limitations 

The largest advantage of the composites over the conventional materials (such as metals) 

is the high strength-to-weight ratio (specific strength). In addition to the structural advantage, the 

composites offer other benefits such as improved corrosion resistance, fatigue resistance, 

thermal, electrical and acoustic insulation [1]. Also since composites are generally made to the 

final desired shape and size using suitably designed moulds, it decreases (or in some cases 

eliminates) the need for secondary fabrication processes. 
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However, there are certain disadvantages associated with composites. The most 

prominent limitation associated with composites is the high costs involved. This is primarily due 

to the high cost of constituent materials, especially the high performance fibers [1]. Also since it 

is a relatively new field, more research is required to get a better understanding of composites. 

Also it is a specialized field that requires trained/skilled labour. Moreover, the lack of high 

productivity increases the overall cost of the finished product. But the overall advantages 

outweigh the limitations of composites which make them the material of choice in a wide variety 

of applications. 

1.1.3 Applications of composites 

The versatile properties of the composites (in particular the polymer matrix composites) 

have led to them being adapted in different fields in a wide variety of applications. Table 1 

shows the general representation of the applications of composites. 

TABLE 1 

COMMON APPLICATIONS OF POLYMER MATRIX COMPOSITES [1] 

 

Application Examples 

Aerospace Fuel tanks, space structures, satellite antenna, rocket motor cases, nose 

cones, launch tubes 

Aircraft Fuselage, fairings, access doors, floor beams, wings, helicopter blades, 

fuselage, radomes, landing gears, interior panels 

Chemical Pipes, tanks, pressure vessels, hoppers, valves, pumps, impellers 

Construction Bridges, handrails, cables, frames, grating 

Leisure Racquets, ski poles, golf clubs, helmets, fishing rods, bicycle frames 

Marine Hulls, decks, masts, engine shrouds 

Medical Prostheses, wheel chair, orthofies, medical equipment 

 

Of all the above mentioned applications, the biomedical applications of composites are 

the most important from our research point of view. A biomedical device can be defined as a 
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device that is used to replace and/or restore the function of traumatized or degenerated tissues or 

organs, to assist in healing, to improve function, to correct abnormalities and then improve the 

quality of life of the patients. The obvious advantages of the composites of high strength-to-

weight ratio combined with good corrosion resistance make them an ideal material for 

fabrication of biomedical devices.     

As mentioned earlier, different types of composites are available to cater to specific 

requirements. From the biomedical industry point of view, Glass Fiber Reinforced Plastic 

(GFRP) has emerged as the best suited material because of its better resistance to environmental 

factors such as corrosion and biofouling [1]. Therefore, Glass Fiber Reinforced Plastic (GFRP) 

was chosen as the composite material of study in our research. Glass Fiber Reinforced Plastic 

(GFRP) is currently used for different in-vitro and in-vivo medical applications such as 

prostheses, orthofies, light weight wheel chairs and other medical equipment such as surgical 

devices. The GFRP surface may be suitably modified to make it more bio compatible.  

A biomedical device can be defined as a device that is used to replace and or restore the 

function of traumatized or degenerated tissues or organs, to assist in healing, to improve 

function, to correct abnormalities and thus improve the quality of life of the patients [2].  
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1.2 Ultraviolet 

1.2.1 UV light 

Radiation with wavelength shorter than visible light but longer than X-rays in the light 

spectrum can be classified as UV light. These are electromagnetic radiations with wavelengths 

between 10 nm and 400 nm [3]. UV radiation can be classified on the basis of their wavelengths. 

The ISO standard for determining solar irradiances (ISO-DIS-21348) classifies the UV radiations 

as shown in the Table 2. 

TABLE 2 

CLASSIFICATION OF ULTRVIOLET RADIATIONS [4] 

 

Name Abbreviation Wavelength (nm) 

Ultraviolet A UVA 400 nm-315 nm 

Near Ultraviolet NUV 400 nm-300 nm 

Ultraviolet B UVB 315 nm-280 nm 

Middle Ultraviolet MUV 300 nm-200 nm 

Ultraviolet C UVC 280 nm-100 nm 

Far Ultraviolet FUV 200 nm-122 nm 

Vacuum Ultraviolet VUV 200 nm-100 nm 

Low Ultraviolet LUV 100 nm-88 nm 

Super Ultraviolet SUV 150 nm-10 nm 

Extreme Ultraviolet EUV 121 nm-10 nm 

 

Sun is the primary source of UV light to the Earth. The earth receives radiation in UVA, 

UVB and UVC range. However, 97-99% of this radiation is filtered out by ozone layer [5]. 

About 98.7% of the UV radiation that reaches the Earth is UVA.  

1.2.2 UV degradation 

It can be defined as a combination of degenerative chemical and physical changes to the 

structure of a material due to UV exposure. Environmental degradation is commonly known as 
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weathering. The three critical factors for environmental degradation are UV light, water and 

oxygen [6-16]. Environmental degradation results in scission of the chemical chain which causes 

loss of physical and chemical properties.  

UV radiations are a form of electromagnetic radiations which travel in space as 

alternating waves of electronic and magnetic fields. According to Planck’s law, electromagnetic 

waves carry discrete amounts of energy. The magnitude of the energy is proportional to the 

frequency of radiation [17]. 

 E α ν (1.3.2.1) 

Therefore,  

 E= h ν (1.3.2.2) 

 Where,  

E= energy of radiation 

ν = frequency of radiation 

h= Planck’s constant 

The energy of radiation per mole can be calculated by multiplying the above equation with 

Avogadro’s number. 

 E Nhν=  (1.3.2.3) 

 Nnhc
E

λ
=  

(1.3.2.4) 

Where, 

E= energy of radiation of known wavelength 

N= Avogadro’s number=6.023*10
23

 (mol
-1

) 

h= Planck’s constant= 6.63*10
34

 (Js) 

ν= frequency of radiation 
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c= velocity of light= 2.998*10
8
 (ms

-1
) 

λ= wavelength of radiation (nm) 

 119627
E

λ
=

KJ

mol

 
  

 
(1.3.2.5) 

The amount of energy absorbed by a molecule should exceed the bond energy in order to cause 

degradation [17]. 
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1.3 Methods to prevent against UV degradation 

1.3.1 Use of coatings 

The use of coatings to prevent UV degradation focuses on the use of a single or multiple 

layers of non-toxic coats on the surface of the substrate. The coatings used are usually silicone, 

epoxy or polyurethane based compounds. 

In our research, a paint coat was developed to prevent UV degradation on the surface of 

the composite. A two layered system of paint coat was used which consisted of a bottom coat 

(base primer) and a protective top coat. The base primer was an epoxy based compound. The 

protective top coat was a polyurethane based compound. The details of the paint system will be 

discussed in Chapter 1.4.1. 

1.3.2 Desired properties of coatings 

• Provide a good vapour barrier to prevent absorption of moisture into the coating. 

• Provide long life- coating should maintain its integrity against environmental factors over a 

prolonged period of time. 

• The coating should be non-toxic and should not release any toxic agents or by products 

during its service life 

• Low cost 
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1.4 Coating of composites 

1.4.1 Composition of the coating system 

Coating of composite surface is one of the most commonly used techniques to protect 

against adverse environmental effects such as UV degradation.  

A general coating system used on a composite surface consists of two components, the 

top coat and the base primer, as shown in Figure 1. The top coat is polyurethane based. The 

desired properties of the top coat are that it should be non porous and chemically inert with good 

exterior durability. The base primer is basically epoxy-polyamide, which is porous, brittle with 

very little environmental durability [18]. The main purpose of the primer is to act as an interface 

between the top coat and the substrate and provide good bonding for the coating system on to the 

substrate. 

 

 

 

Figure 1: Composite coating system 
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1.4.1.1 Epoxy Primer 

The base primer used in the paint coating is an epoxy based compound. Epoxy is a 

thermosetting polymer formed from the reaction of an epoxide monomer (resin) with polyamine 

(hardener). This reaction is known as curing. Epoxy is used as a base primer in a paint system 

because it has excellent adhesion properties which permit good bonding with the substrate. It 

also has very good chemical, electrical and thermal insulation properties. Figure 2 shows the 

structure of an unmodified epoxy pre-polymer. 

 

 

 

Figure 2: Structure of unmodified epoxy pre-polymer  

 

1.4.1.2 Polyurethane Top coat 

The top coat in the paint is a polyurethane based compound. Polyurethane is a polymer 

that is obtained through a step growth polymerization reaction between a monomer containing at 

least two iso-cyanate functional groups with another monomer containing at least two hydroxyl 

groups. Figure 3 shows the schematic representation of synthesis of polyurethane through the 

step growth polymerization reaction. 
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Figure 3: Synthesis of polyurethane through step growth polymerization reaction [19] 

  

Polyurethane is highly non-porous with very good chemical resistance, high tensile 

strength, good processibility and good mechanical properties [19-21]. These properties make 

polyurethane ideal for coating. Even though the standard paint coating provides very good 

barrier against UV degradation, prolonged exposure to UV light could lead to deterioration of 

properties. Therefore, it is important to increase the resistance of the coating to UV degradation. 

The inclusion of certain beneficial nano-additives into the coating may help to increase the 

resistance against UV degradation. 

1.4.2 UV Degradation of coatings 

As mentioned in Chapter 1.4.1, a coating system employed on a composite substrate 

generally consists of two layers, an epoxy based primer and polyurethane based top coat. The 

polyurethane top coat layer is exposed to the atmosphere during the lifecycle of the coating. One 

of the prime disadvantages of polyurethane is that it is highly sensitive to UV light. Under UV 

exposure, the polyurethane undergoes degradation which deteriorates its mechanical and 

physical properties [22-26]. 
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1.4.2.1 Mechanism of UV degradation of polyurethane 

To simulate the environmental conditions of UV exposure and corrosion in a laboratory 

set up, two kinds of testing chambers were used, namely the UV chamber and the salt spray 

corrosion chamber. The UV tester had a chamber that was lined with a series of UV light 

producing lamps in a dry atmosphere. The salt spray corrosion chamber produced a salt water 

mist. Therefore the corrosion chamber provided a wet atmosphere. The salt mist had a pH 6.8 to 

7.2 which was obtained by adding 1 part of salt for every 4 parts of water as specified by ASTM 

117B testing standard. The samples were placed for 2 days in each chamber alternatively. 

Therefore, both chambers together provided an alternating wet and dry environment. The UV 

degradation of polyurethane is characterized by the formation of blisters on the coating. As 

mentioned in chapter 1.2.2, the three factors that govern the degradation of polyurethane are UV 

light, H2O and O2.  

The most obvious sign of coating degradation is the formation of blisters, which increases 

the surface roughness. Ranby and Rabek [27] reported the photo-degradation of polyurethane 

coatings. 

The mechanism of blister formation is as follows: 

The UV light causes scission of the urethane group and the presence of the O2 causes 

oxidation of the central CH2 group between the aromatic rings resulting in the formation of 

carbonyl, peroxide, ketone or aldehyde groups near the coating surface [28-31]. The soluble 

oxidation products dissolve in H2O and get absorbed into the coating during the wet period (salt 

spray test). However, during the dry period (UV test), the oxidation products are not able to 

escape, resulting in adsorption. The alternate cycles of absorption and adsorption produce an 
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osmotic pressure which blisters the surface of the coating. Figure 4 shows the schematic 

representation of the chemical reactions that take place during UV degradation process. 

 

 

 

Figure 4: Schematic representation of UV degradation of polyurethane [28] 
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1.4.3 Nano additives 

Materials having at least one dimension at the nano level (x10-9 meter) are classified as 

nanomaterials. The nano-additive that was used in preparing the nano composite coating was 

graphene. The graphene was in the form of sheets having a thickness (z-dimension) in the nano 

level (<100 nm). Nanomaterials were used to improve the properties of the coating because 

nanomaterials have exceptionally high surface area to volume ratio which gives rise to 

exceptional properties in nanomaterials. Since the aspect ratio nanomaterials is very high, the 

addition of small weight percentage of nanomaterials is sufficient to achieve the desired 

properties. Therefore the properties can be exponentially improved with negligible increase in 

weight.   

1.4.3.1 Graphene  

Carbon element was discovered about 220 years ago [32]. Carbon exists in different 

forms, most commonly as diamond and graphite (3D structure). However, in addition to these 

forms carbon also exists in different structures, namely graphene (2D) [33], nanotubes (1D) [34] 

and fullerenes (0D) [35]. Figure 5 shows the different allotropes of carbon. 

 

 

Figure 5: Allotropic forms of carbon [32] 
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Graphene is the most basic form of carbon. It is composed of sp2 bonded carbon atoms 

arranged in a hexagonal arrangement in a 2D plane. The lattice of graphene consists of two 

triangular shaped sub-lattices. The sub-lattices are overlapped in such a way that carbon atom 

from 1 sub-lattice is at the centroid of the other sub-lattice as shown in Figure 6.  

 

 

 

Figure 6: Hexagonal arrangement of carbon atoms in a graphene sheet [32] 

 

The distance between the two centroid carbon atoms is 1.42 A° [32]. Each carbon atom 

has one s-orbital and two p-orbitals, which results in exceptional mechanical strength of the 

graphene sheet. Except diamond, all other allotropes of carbon namely, graphite, nanotubes and 

fullerene can be visualized as different structures built from a 2D graphene sheet. When a 

graphene sheet is rolled into a cylindrical shape, it gives rise to a nanotube. A spherical ball 

made from graphene sheet is a fullerene and a stack of parallel graphene sheets is graphite. 

The versatile and unique properties of graphene have made it a very popular material for 

applications in different fields such as electronics, optics, sensors and mechanics [32]. 

All the allotropes of carbon such as graphite, diamond, graphene, nanotubes and fullerene 

are well known for their exceptional mechanical strength. The stiffness of graphene was reported 

to be 300-400 N/m. The Young’s modulus of a defect free sheet was reported as 0.5-1.0 TPa 
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[32]. These exceptional properties combined with ease of dispersing graphene oxide into 

matrices makes graphene an ideal material for mechanical reinforcement [36].  

1.5 Enhancement of the properties of the coating 

Graphene was the additive that was used to improve the properties of the coating. 

Graphene was added in order to improve the resistance of the coating to UV and corrosion 

exposure. Graphene was chosen as the nano material of choice because of its supreme 

mechanical properties. Tensile strength of graphene was reported to be between 0.5 and 1.0 TPa. 

It was hypothesized that with these excellent mechanical properties, graphene would be an ideal 

binding material to prevent or minimize the blistering of the coating under UV and corrosion 

exposure. 
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CHAPTER 2 

MATERIALS AND EQUIPMENTS 

2.1 Glass Fiber Reinforced Plastic (GFRP) 

GFRP is the most commonly used composite material. GFRP is a relatively low cost 

material that offers very good resistance to environmental effects such as bacterial attack and 

corrosion. However, it has relatively low stiffness and medium strength to weight ratio. GFRP is 

therefore best suited for applications in the marine, chemical and bio-medical industries. 

In our research, GFRP coupons of size 1”x2” were used as test sample. We used the 

prepreg lay-up technique combined with vacuum bagging process to fabricate the GFRP. The 

technical details of the fabrication process will be dealt in chapter 3.1. Figure 7 shows a single 

GFRP coupon of size 1”x2”. 

 

 

Figure 7: 1”x2” GFRP coupon test specimen 
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2.2 Primer 

2.2.1 Epoxy Primer 

Sherwin Williams CM0482300 epoxy primer was used to paint the base coat on the glass 

fiber, as seen in Figure 8. CM0482300 is a specialty, epoxy polyamide compound specifically 

designed to be used on composite materials under Sherwin Williams top coat systems.  

2.2.2 Epoxy adduct 

Sherwin Williams CM0120900 epoxy adduct is a polyamine based compound that works 

as a hardener to be used with CM0482300, as seen in Figure 8. 

 

 

Figure 8: Epoxy Primer and Adduct 

 

2.3 Top coat 

2.3.1 Jet Glo
®
 Color 

Jet Glo is a polyester urethane based compound which shows excellent bonding with 

epoxy primers. Jet Glo
®

 570 Series (U colors) Matterhorn White was used as the top coat. Figure 

9 shows the Jet Glo top coat paint used in the research. 
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2.3.2 Jet Glo
®
 Hardener 

 A Jet Glo
®
 Hardener CM0578520, as seen in Figure 9 was used in conjunction with the 

Jet Glo
®

 Color. 

 

 

Figure 9: Jet Glo® Color and Hardener 

 

2.4 Paint shaker 

It is important to thoroughly mix the primer and top coat before application in order to 

ensure uniform distribution of the solid components in the dispersion (liquid) medium of the 

paint. We used a pneumatic paint shaker to carry out the mixing process, as seen in Figure 10. 

 

Figure 10: Pneumatic paint shaker 
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2.5 Preval spray bottle 

A spray bottle was used to carry out the spray coating process. The spray bottle was 

purchased from Preval. It provides the advantage of being economical, portable, disposable and 

easy to use. It eliminates the need for the expensive pneumatic spray gun. Figure 11 shows the 

Preval spray bottle that was used to perform the spray coating. 

 

 

Figure 11: Preval spray bottle 

 

2.6 Graphene 

Nano graphene platelets were purchased from Angstron materials, Product number N008-

100-N. The graphene platelets have an average X and Y dimension of 35µm. At least 80% of 

graphene platelets had a Z-dimension <100nm. The graphene platelets were used in the coating 

without any modifications to the original supplier specifications. Figure 12 shows the graphene 

that was purchased from Angstron materials. The purchased graphene was used without any 

modification (or functionalization).  
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Figure 12: Graphene from Angstron Materials 

   

2.7 Weighing scale 

The nano additives used in the coating were added by weight percentage. In order to 

make precise measurements of the nano materials to the scale of 1/1000th of a gram, a high 

accuracy weighing scale was used. The scale used in our measurements was Mettler Toledo XS 

64, as seen in Figure 13. 

 

 

Figure 13: Mettler Toledo weighing scale 
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2.8 Hot plate/ magnetic stirrer 

To ensure uniform distribution of the nano-additives (gentamicin and graphene) in the 

paint coat, magnetic stirring process was used. The magnetic stirrer used was purchased from 

Fisher Scientific. The stirring process was carried out using a magnetic stirring bar which rotates 

at 100 rpm. The process is performed for 4 hours at room temperature. Figure 14 shows the 

Fisher Scientific hot plate magnetic stirrer that was used to carry out the first step in the mixing 

process.  

 

 

Figure 14: Fisher Scientific hot plate 

 

2.9 Sonicator 

After the mechanical mixing of nano-additives into the paint coat using a magnetic 

stirrer, a secondary mixing process was also used which employed the use of a sonicator. The 

sonicator ensures uniform dispersion of the nano-additives by breaking up the agglomeration of 

the nano-particles. The beaker containing the paint is placed in a water bath inside the sonicator. 
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The sonicator produces ultra sonic waves (frequency greater than 20,000 hertz) which produce 

alternating fields of high pressure and low pressure. The pressure gradient applies a mechanical 

stress on the nano-particles, which weakens the attraction forces between the nano-particles. The 

dispersion medium (paint) is then able to flow between the nano-particles, thereby breaking up 

the agglomeration. The sonicator used in our experiment was purchased from Fisher Scientific. 

Figure 15 shows the Fisher Scientific FS 200 sonicator that was used for the second step of the 

mixing process. 

 

 

Figure 15: Fisher Scientific sonicator 

 

2.10 Sand paper 

Surface preparation of the substrate is a very important step in the coating process. 

Sanding is a process that is used to suitably roughen the surface to ensure good cohesion between 

the paint and the substrate. A 3M 413Q sand paper of 400 grit number roughness was used in our 

experiment to sand the surface of the glass fiber prior to the coating process. 
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2.11 Coating thickness gauge 

To ensure uniform testing conditions, the aim during the coating process was to maintain 

uniform coating thickness on all test specimens. We tried to maintain the coating thickness 3 mil 

(≈75 microns) on all the specimens. The thickness of the coating was measured using a coating 

thickness gauge. The gauge used in our experiment was a PosiTest DFT Combo, as seen in 

Figure 16. 

 

 

Figure 16: Thickness gauge PosiTest DFT Combo 

 

2.12 Ultra Violet (UV) chamber 

A UV chamber was used to simulate the environmental degradation conditions in which 

UV light of short wavelength causes degradation of the coating surface. The UV chamber has an 

arrangement of UVA-340 lamps which can produce the UV spectrum. The UV chamber used in 

our testing was purchased from Q-panel Co. and is known as QUV Accelerated Weathering 

Tester. Figure 17 shows the UV chamber used. 
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Figure 17: UV chamber 

 

2.13 Salt Spray chamber 

In addition to the UV light, there are other environmental factors such as rain, humidity 

and atmospheric pollutants that can also cause degradation of the coating surface. The salt spray 

chamber was therefore used to replicate these conditions. The salt spray chamber used in our 

tests was purchased from Singleton Corporation. Figure 18 shows the set up for the salt spray 

chamber. 

 

 

Figure 18: Salt spray chamber 
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2.14 FTIR (Fourier Transform Infrared) spectrometer 

In order to study the degradation mechanism of the polyurethane coating, an FTIR study 

of the test samples was conducted after UV exposure. A detailed study of the FTIR plots was 

carried out using a Thermal Nicolet Magna 850 IR spectrometer. But since the test samples were 

opaque and the infrared beam could not penetrate the sample, a modified technique of the 

standard FTIR was used, known as the Attenuated Total Reflectance (ATR) FTIR. In order to 

conduct the ATR-FTIR, a modular attachment called the Nicolet NIC-Plan
TM

 was attached to the 

original Thermal Nicolet Magna 850 IR spectrometer. Figure 19 shows the Thermal Nicolet 

spectrometer attached to the Nicolet ATR module. 

 

 

 

Figure 19: Thermal Nicolet Magna 850 IR spectrometer 

 

2.15 Optical water contact angle Goniometer 

The water contact angle of a surface gives a fair idea about the surface integrity. A high 

contact angle indicates that the surface is hydrophobic, which means that the surface is non-
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porous. A low contact angle indicates that the surface is porous. In our testing process, we used 

an optical water contact angle goniometer, purchased from KSV Instruments Limited, Model 

CAM 100. The goniometer has a built-in camera along with a software interface which 

automatically snaps the profile of the liquid on the surface. The software then uses an applicable 

formula (Young-Dupre equation) to automatically determine the water contact angle. Figure 20 

shows the working of the KSV CAM 100.  

 

 

Figure 20: Optical water contact angle goniometer 

 

2.16 Atomic Force Microscope (AFM) 

An AFM produces a virtual 3-D surface profile of high resolution at the nano scale. The 

AFM uses a micro or nano sized cantilever with a silicon or silicon nitrite sharp tip (probe) at its 

free end that is used to scan the specimen surface. The AFM used in our characterization process 

was a MFP-3D-SA Stand Alone Atomic Force Microscope purchased from Asylum Research, as 

shown in Figure 21. 



27 

 

 

 

Figure 21: Atomic Force Microscope 
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CHAPTER 3 

METHOD 

3.1 Manufacture of Glass fiber panel 

Prepreg layup and autoclave curing technique was used to manufacture the glass fiber 

panel. A prepreg is a sheet consisting of pre-combined resin (matrix) and fiber (reinforcement). 

The prepreg sheet is a ‘ready to use’ material and can be directly used in the manufacturing 

process. The prepreg sheet is first cut to the desired size and laid onto a flat aluminum table, 

which acts as a mould. Each prepreg sheet has an approximate thickness of 0.13 mm. A total of 5 

prepreg sheets (commonly known as plies) were laid over each other to obtain a thicker 

composite panel. Several different materials need to be added to this composite assembly before 

it can be cured in the autoclave. Figure 22 shows the schematic of the prepreg layup along with 

the additional material in order of their arrangement.  

 

 

 

Figure 22: Schematic representation of prepreg layup process [1] 

 

A release film is added below the prepregs to facilitate easy removal of the composite 

after curing. A bleeder ply is used to absorb the excess resin and a breather ply is used to allow 

the escape of excess air or voids. A peel ply is used to allow good bonding between different 

layers of the prepregs. Finally the entire assembly is covered with a vacuum bag, connected to a 
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vacuum port and a vacuum is drawn. Now the prepreg assembly is cured in an autoclave. The 

autoclaving ensures removal of any excess air and consolidates the glass fiber panel.  

The Glass fiber panel manufactured had dimensions of 24”x29”. Smaller rectangular test 

specimens of size 1”x2” were cut out using a CNC cutter. 

3.2 Glass fiber surface preparation 

To ensure good bonding between the coating and the glass fiber surface, the surface of 

the test specimen was sanded using a 400 grit sand paper 3M 413Q. After sanding, the surface 

was cleaned with acetone and D.I (deionized) water 

3.3 Preparation of the base primer 

The Glass fiber Reinforced Plastic (GFRP) specimens were first coated with a base 

primer. The control samples were coated with just the base primer without the nano additives 

dispersed in it. The test specimens were coated with the nano composite base coat containing the 

nano additives in different weight percentages. 

The standard base coat was prepared by mixing the Epoxy primer (Sherwin Williams 

CM0482300) with an epoxy adduct (Sherwin Williams CM0120900). The primer and the curing 

agent were mixed in a 1:1 ratio by part. The mixture was then slowly stirred for 15 minutes 

induction time before being applied onto the specimens.  

The nano-composite base coat was prepared by adding graphene into the standard base 

coat in 2%, 4%, 6% and 8% weight percentage. The nano additives were first mixed into the 

Epoxy primer CM0482300 and magnetically stirred on a hot plate at room temperature for 4 

hours. Then the mixture was placed in a sonicator and mixed for 30 minutes at room 

temperature. Then the Epoxy adduct CM 0120900 was added to the primer and stirred for 5 
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minutes with a glass stirrer. The repeated stirring ensures good dispersion of the nano additives 

into the base coat. 

3.4 Base coat painting 

The prepared base coat was spray coated onto the GFRP test samples using a Preval 

spray gun. The spray process was controlled to limit the thickness of the coat to 1.5 mils (≈40 

microns). The samples were then air dried at room temperature for 24 hours. Figure 23 shows the 

glass fiber samples coated with different percentages of graphene. 

 

 

 

Figure 23: Base coat paint with different percentages of nano additives 

 

3.5 Preparation of the top coat 

After the base primer had dried out on the specimens, the top coat was applied onto them. 

The control specimens were coated with the standard top coat without any nano additives. The 

test specimens were coated with the top coat containing the nano additives in different weight 

percentages.  

The standard top coat was prepared by mixing Jet Glo
®

 570 Series Matterhorn white 

paint with Jet Glo
®

 Hardener CM0578520. The top coat and the hardener were mixed in a 1:1 
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ratio by part. The paint mix was given a 30 minute induction time for optimum application 

performance. 

The nano composite top coat was prepared by adding the graphene into the standard base 

coat in 2%, 4%, 6% and 8% weight percentage. The nano additives were added into the Jet Glo
®

 

570 Series paint and magnetically stirred on a hot plate at room temperature for 4 hours. The 

mixture was then placed in sonicator for 30 minutes to ensure good dispersion. Jet Glo
®

 hardener 

was then added and stirred for 5 minutes using a glass stirrer. 

3.6 Top coat painting 

The top coat was spray coated onto the GFRP samples using a Preval spray gun. The 

spray process was controlled to limit the thickness of the coating to 1.5 mils (≈40 microns). The 

samples were air dried room temperature for 24 hours. The total thickness of the coating system 

(base primer + top coat) was around 3 mils (≈75 microns). Figure 24 shows the glass fiber 

samples coated with different percentages of graphene. The coating thickness was measured 

using a coating thickness gauge.   

 

 

 

Figure 24: Top coats with different percentages of nano additives 
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3.7 Coating thickness measurement 

The thickness of the coating was measured before and after the UV and corrosion testing 

procedures. The coating thickness was measured before and after the tests because the coating 

thickness was expected to decrease as a result of UV degradation and corrosion. The thickness 

was measured using the PosiTest DFT Combo thickness gauge. Figure 25 shows the process of 

thickness measurement.   

 

 

Figure 25: Coating thickness measurement 

 

3.8 UV degradation test 

The UV exposure on the specimens was carried out using QUV Accelerated Weathering 

tester. The test was carried out according to ASTM D 4587-09 standard, which prescribes the 

standard procedure for UV-Condensation exposures of Paint and related coating. The samples 

were placed in the chamber for a total of 20 days. However, the samples were tested for surface 

morphology in intervals of 4 days. The samples were characterized for change in surface 

properties after 0, 4, 8, 12, 16 and 20 days. Figure 26 shows the glass fiber samples being loaded 

in the UV chamber with the help of a double sided sealant tape, prior to the UV test. 
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Figure 26: UV test 

 

3.9 Corrosion test 

The corrosion test was carried out in a Singleton salt spray chamber according to ASTM 

B117-09 standard [37]. The samples were placed on a rack at a 15 degree angle, pH 6.8-7.2 and 

average fog concentration of 1.2 ml/hour according to ASTM 117 B. The samples were placed in 

the UV chamber for 20 days. The samples were alternatively placed in the UV chamber and 

corrosion chamber in intervals of 12 hours. This process was followed for 20 days.      
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3.10 Surface characterization 

3.10.1 Contact angle measurement 

The contact angle can be defined as the angle at which the liquid/vapor interface meets 

the solid interface [38]. Assuming thermodynamic equilibrium between the three phases, the 

contact angle can be expressed by the Young-Dupre equation, 

 
cos SV SL

LV

γ γ
θ

γ

−
=  

(3.11.1) 

Where,  

γSV is the solid-vapor interfacial energy 

γSL is the solid-liquid interfacial energy 

γLV is the liquid-vapor interfacial energy 

 

Figure 27: Theoretical interpretation of water contact angle [38] 

 

The contact angle of the control specimens and the test specimens were measured before 

and after the UV and corrosion tests. The aim of measuring the contact angles before and after 

the tests was to check for the deterioration of the surface properties. The contact angles were 

measured using KSV CAM 100 optical contact angle goniometer. Figure 27 shows the principle 

of water contact angle measurement. 
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3.10.2 ATR-FTIR micro-spectroscopic analysis 

The FTIR analysis was conducted to study the degradation of polyurethane coatings due 

to the breakage of bonds in the polyurethane. But since the test samples were opaque, in order to 

conduct the analysis, a modified technique of the standard FTIR, known as the ATR (Attenuated 

total reflectance) FTIR was used.    

 

 

Figure 28: Principle of operation of an ATR-FTIR 

 

Figure 28 shows the schematic of the ATR-FTIR spectroscopy. This method works on 

the principle of total internal reflection. As seen in the figure, the test sample is kept in contact 

with the ATS crystal (diamond). An infrared beam is then passed through the crystal in such a 

way that it reflects off the internal surface of the test sample. The infrared beam also penetrates 

the surface of the surface of the test sample up to a certain distance depending on the wavelength 

and incident angle of the beam. The reflected beam is then collected by the detector when it exits 

the ATR crystal. 

3.10.3 AFM imaging 

The surface profile of the control specimens and test specimens were imaged before and 

after the UV and corrosion tests using the AFM to map the gradual degradation of the surface 

properties. The AFM gives a visual 3D profile of the surfaces before and after the tests.    
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 FTIR studies 

The FTIR spectrum showed some very interesting changes in the properties of 

polyurethane coating as a function of UV exposure. The aim of carrying out the FTIR studies 

was to justify the hypothesis that the degradation of the polyurethane coatings occurs due to UV 

exposure by the formation of certain types of compounds such as carbonyl, aldehydes, ketones 

and peroxide groups by the scission of chains in polyurethane. The FTIR images were obtained 

on a common scale factor by keeping the transmittance percentage between 96% and 101 % for 

most of the samples. However, on a few samples the scale was adjusted slightly to fit the 

samples. The wavelength of all samples was kept constant between 4000 and 500 cm
-1

.   

 

 

 

Figure 29: ATR-FTIR spectrum of PU containing 0% Graphene after 20 Days of UV and 

corrosion exposure 
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The images below show the time series change in polyurethane upon UV exposure. The 

Figure 29 is the ATR-FTIR spectrum of PU top coat containing 0% graphene. The spectrum 

shows both positive peaks and negative peaks. The positive peaks indicate the formation of new 

structures, while negative peaks show the loss of breakage of structures as a result of the UV 

irradiation.  

A detailed analysis of the ATR-FTIR spectrum was carried out a going from left to right 

on Figure 29. At the left side of the graph the ATR-FTIR spectrum reveals that a band is formed 

at 3277.04 cm
-1

. This peak is characteristic of stretching of the N-H group, which strongly 

suggests the formation of polyurea [39]. 

Moving further towards right on the graph a peak is seen at 2932.84 cm-1, which indicates 

the asymmetric and symmetric stretching of the CH2 group. Moving into the region between 

2000 and 1700 cm
-1

,
 
vibration signal is seen. This is due to the vibration of the C=O bond. The 

three peaks at 1981.84 cm
-1

, 1961.31 cm
-1

 and 1951.86 cm
-1

 indicate the stretching of the C=O 

bond. Another strong indicator to the presence of polyurea is the strong peak at 1685.56 cm
-1

. A 

peak at 1465.94 cm
-1 

indicates a decrease in the C-H group and peak at 1245.84 cm
-1

 indicates a 

reduction in C-O group. Lastly, a peak is seen at 1033.76 cm
-1

, indicating the formation of ester 

group. The decrease in C-H group and C-O directly points at chain scission of polyurethane [39].  

Overall it can be concluded that urea is formed on the surface of the coating where the 

intensity of the UV light is higher. With an increase in the depth of the coating, higher 

concentration of urethane is seen, where the concentration of UV light is lower [39]. 
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The Figure 30 is the ATR-FTIR spectrum of PU top coat containing 2% graphene. A 

detailed study of Figure 30 shows that the coating containing 2% graphene also undergoes UV 

degradation, but to a less extent as compared to the coating without graphene.  

Starting from left, a peak was seen at 3307.42 cm
-1

, indicating the presence of polyurea.
 

A peak is formed at 2933.50 cm
-1

, which indicates the stretching of the C-H2 group. Noise like 

vibration signals are seen at 2300 cm
-1 

and 1700 cm
-1

, which indicates the vibration of the C=O 

bond. Also, a sequence of peaks is seen between 1700 cm
-1

and 1500 cm
-1

 at 1683.55 cm
-1 

and 

1506.79 cm
-1

. All these peaks hint towards the presence of polyurea. The peak at 1212.92 cm
-1 

indicates the reduction in C-O group. The smaller ratio of peaks beyond 1100 cm
-1

 indicates that 

ester formation has been limited in this coating. This could be because the addition of graphene 

changes the radiation absorption properties of the coating. It is possible that the graphene absorbs 

the incident radiation, instead of the polyurethane leading to reduced ester formation. 

 

 

Figure 30: ATR-FTIR spectrum of PU containing 2% Graphene after 20 Days of UV and 

corrosion exposure 
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Figure 31 is the ATR-FTIR spectrum of PU top coat containing 4% graphene. The FTIR 

results for this coating (containing 4% graphene) are very similar to that of the coating 

containing 2% graphene.  

By referring to Figure 31, it can be seen that the three peaks are formed in the 3300 cm
-1

 

range, which is due to the stretching of the NH bond, indicating the presence of polyurea. A peak 

at 2915.02 cm
-1

 indicates the stretching of C-H2 group. Just as in earlier cases, a noise like 

vibration signal is observed between 2200 cm
-1

 and 1700 cm
-1

 which hints at the vibration of the 

C=O bond. This was followed by a series of peaks at 1716.84 cm
-1

, 1652.62 cm
-1

 and 1456.55 

cm
-1

. All these peaks indicate that there was a definite chain scission. However, the notable 

change is once again seen in the lower wavelength range between 1300 cm-1 and 1100 cm-1. 

Peaks are seen at 1168.38 cm-1 and 1056.77 cm-1 hinting at ester formation but no peak in the 

1200 cm
-1 

range could possibly
 
mean there is no reduction C-O group. The addition of graphene 

has modified the radiation absorption of the coatings. 

 

Figure 31: ATR-FTIR spectrum of PU containing 4% Graphene after 20 Days of UV and 

corrosion exposure 
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Figure 32 is the ATR-FTIR spectrum of PU top coat containing 6% graphene. This graph 

is almost identical to Figure 30 and 31, indicating a similar mechanism of UV degradation.  

Once again a peak was seen in the 3300 cm
-1

 zone at 3346.10 cm
-1

 indicating the 

stretching of NH group. The twin peaks at 2926.47 cm
-1

 and 2854.76 cm
-1 

indicates the 

stretching of CH2 group. The vibration signal between 2200 cm
-1 

and 1700 cm
-1

 is followed by a 

series of peaks between 1700 cm
-1

 and 1400 cm
-1

. The peaks illustrate that chain scission has 

taken place as a results of UV exposure. A single peak at 1244.15 cm
-1

 indicates the reduction of 

C-O group. However, once again the absence of any negative peaks beyond 1100 cm-1 hints 

towards smaller ester concentration. The decreased ester concentration strengthens the argument 

that graphene may possibly improve the resistance against UV degradation by absorbing a 

substantial amount of the incident radiation.    

 

Figure 32: ATR-FTIR spectrum of PU containing 6% Graphene after 20 Days of UV and 

corrosion exposure 
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Figure 33 is the ATR-FTIR spectrum of PU top coat containing 8% graphene. This graph 

has two major differences over Figure 29, 30, 31 and 32. Firstly, in Figure 33 there is no peak in 

the 3300 cm-1 range as it was seen in the earlier cases. This indicates that no polyurea is formed 

on this coating by the degradation of polyurethane. Also, there is an absence of peaks between 

1300 cm
-1

 and 1100 cm
-1

 which once again hints at the decreased esters formation. The absence 

of polyurea and esters could prove to be a major development over the other coatings as the 

progression of UV degradation in this coating is far less in the coating containing 8% graphene. 

The possible explanation for the noted change in behavior could be because the 8% addition of 

graphene into the coating is sufficient to absorb a part of the radiations. The energy of the 

absorbed radiation is dissipated over the surface area of the coating in the form of heat. The 

energy of the radiations which would have been channelized towards breaking of the bonds in 

the polyurethane has been dissipated in the form of heat, which indirectly decreases the rate of 

degradation of the polyurethane coating. 

   

Figure 33: ATR-FTIR spectrum of PU containing 8% Graphene after 20 Days of UV and 

corrosion exposure 
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The ATR-FTIR spectrums for PU top coats containing 2%, 4%, 6% and 8% graphene 

have been shown above. Most of the spectrums followed the same trend line, indicating that the 

degradation of top coat progressed in almost the same way irrespective of the percentage of 

graphene addition. However, closer analysis of the graphs will reveal that there is one major 

difference between polyurethane top coat containing 0% graphene and the other top coats 

containing 2 to 8% graphene.  

The ATR-FTIR spectrum of the top coat containing 0% graphene, exhibits three peaks 

between 1100 and 1300 cm-1, indicating the formation of esters. However, the top coats 

containing graphene exhibit only one peak between 1100 and 1300 cm-1, indicating formation of 

esters group to a smaller extent [39]. This indicates the addition of graphene may possibly 

improve the resistance against UV degradation, even though only to a small extent. This 

conclusion has also been reinforced by the visual analysis of the polyurethane using an Atomic 

Force Microscope (AFM), which will be discussed in the subsequent chapter.  

Overall, the ATR-FTIR serves dual purpose. Firstly, it confirms the hypothesis stated in 

Chapter 1.4.2.1 that degradation in polyurethane top coats occurs due to formation of certain 

compounds such as aldehydes, ketones and peroxides due to scission of polyurethane chains. 

Secondly, to a small extent it establishes that addition of graphene does in fact improve the 

resistance of the polyurethane top coat against UV degradation.   
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4.2 Atomic Force Microscope 

4.2.1 Study of surface profile 

The Atomic Force Microscope (AFM) was used to image the surfaces of the coating 

before and after UV and corrosion exposure. In this study a 5µm x 5 µm square section on the 

surface of the coating was studied under the microscope to study the topographical changes of 

the coating surface as a result of degradation at the nano scale. 

Figure 34 shows the AFM images of the surface of a Glass Fiber specimen coated with 

polyurethane containing 0% nano additives before UV and corrosion exposure.  

 

a. 
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b. 

 

 

Figure 34: AFM height image showing the a) front view, b) surface roughness and c) 3-D view, 

of glossy polyurethane coating before UV and corrosion exposure 

 

Figure 34 (a) shows that the specimen has high gloss, which is interpreted from the 

extremely low surface roughness which is below 50 nm. However, some craters are randomly 

distributed on the surface of the coating. This could be due to the uneven evaporation of the 

solvents during the drying stage of the coating. But since these craters have very low depths 

(around 50 nm), which is around 1500 times smaller than the thickness of the coating (≈75µm), 

the presence of these craters does not affect the performance or the appearance of the coating.  
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Figure 35 shows the AFM images of the surface of a Glass Fiber specimen coated with 

polyurethane containing 2% graphene before UV and corrosion exposure. In Figure 35 (a), the 

yellow colored spots indicate the graphene through the coating medium. The overall surface 

roughness is slightly higher for this coating (containing 2% graphene) as compared to the coating 

without graphene. The increased surface roughness is due to the presence of graphene. 

 
a. 

 
b. 

 
c. 

 

Figure 35: AFM height image showing the a) front view, b) surface roughness and c) 3-D view 

surface of polyurethane coating containing 2% graphene before UV and corrosion exposure 
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Figure 36 shows the AFM images of the surface of a Glass Fiber specimen coated with 

polyurethane containing 0% graphene after 4 days of UV and corrosion exposure. The surface 

morphology {Figure 36 (a)} reveals the formation of pits after just 4 days of UV exposure, 

indicating that the degradation of the coating is already underway. The distinct negative peaks in 

Figure 36 (b) show that the depth of the pits is around 50 nm. Figure 36 (a) also shows the 

formation of cracks, which tend to originate from the pits. The pits tend to act like stress 

concentrators which make them the site of crack origin and propagation.  

 
a. 

b. 
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c. 

 

Figure 36: AFM height image showing the a) front view, b) surface roughness and c) 3-D view 

surface of polyurethane coating containing 0% graphene after 4 days of UV and corrosion 

exposure 

 

Figure 37 shows the AFM images of the surface of a Glass Fiber specimen coated with 

polyurethane containing 2% graphene after 4 days of UV and corrosion exposure. When 

compared to Figure 36, it can be seen that unlike in coating without graphene, the coating 

containing 2% graphene does not have any presence of pits or cracks. The absence of pits and 

cracks imply that graphene increases the resistance of the coating against degradation. However, 

parallel bands of white spots can be seen in Figure 37 (a). These are micro granules of salt that 

were deposited on the sample surface during the corrosion (salt fog) test that was carried out in 

the salt fog chamber. The salt granules stick to the surface of the glass fiber because inside the 

composite material, the fibers (glass fibers) have more surface energy than the matrix (epoxy). 

The higher surface energy makes the salt particles stick to the fiber surface because regions of 

higher surface energy act as sites of nucleation.  
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a. 

 
b. 

 
c. 

 

Figure 37: AFM height image showing the a) front view, b) surface roughness and c) 3-D view 

surface of polyurethane coating containing 2% graphene after 4 days of UV and corrosion 

exposure 
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Figure 38 shows the AFM images of the surface of a Glass Fiber specimen coated with 

polyurethane containing 0% graphene after 8 days of UV and corrosion exposure. It can be seen 

from Figure 38 (a) that the size of the pits increases in size with a prolonged exposure in UV 

chamber and corrosion chamber. Coalescence of smaller pits leads to this formation of larger 

pits. From Figure 38 (b) it can be seen that the depth of the pits is around 40 nm and the diameter 

is between 5 µm and 20 µm. Also the crack growth advances and the crack length at this stage is 

around 30 µm and the average width of the cracks is around 40 nm. Therefore, it can be 

concluded be concluded that the degradation is in an accelerated stage after just 8 days of UV 

and corrosion exposure in the coating without graphene.   

 

a. 

 

b. 
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c. 

 

Figure 38: AFM height image showing the a) front view, b) surface roughness and c) 3-D view 

surface of polyurethane coating containing 0% graphene after 8 days of UV and corrosion 

exposure 

 

Figure 39 shows the AFM images of the surface of a Glass Fiber specimen coated with 

polyurethane containing 2% graphene after 8 days of UV and corrosion exposure. It can be seen 

from Figure 39 (a) that micro pits are starting to form on the surface of the coating. This 

indicates that degradation of the polyurethane has started to take place in this coating (containing 

2% graphene). However, it has taken 8 days of combined UV and corrosion exposure to induce 

degradation process in this coating, which is twice the time it took in the coating without 

graphene. From Figure 39 (a) it can be said, that despite the induction of degradation, even at this 

stage the surface integrity is reasonably good, because the average surface roughness is still 

around 40 nm, which was the same as initial surface roughness (before any UV and corrosion 

exposure). The micro pits that are formed have an average diameter around 2 to 5 µm, with a 

depth around 50 µm.   
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a. 

 

b. 

 

c. 

 

Figure 39: AFM height image showing the a) front view, b) surface roughness and c) 3-D view 

surface of polyurethane coating containing 2% graphene after 8 days of UV and corrosion 

exposure 
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Figure 40 shows the AFM images of the surface of a Glass Fiber specimen coated with 

polyurethane containing 0% graphene after 12 days of UV and corrosion exposure. From Figure 

40 (a) it can be observed that the crack propagation has further progressed. The average crack 

length is now around 50 µm, whereas after 8 days of UV and corrosion exposure the crack length 

was around 30 µm. The increase in length of the crack suggests the advancement in the 

degradation process. However, in the image the micro pits are not visible. This is because of the 

microscopic cantilever tip of the AFM might have scanned a different section of the sample 

surface. Since the material has anisotropic properties, the AFM may have scanned a section that 

did not exhibit any pits but only cracks. However, the progression of degradation can still be 

studied by observing the increase in the length of the cracks.  

 

a. 

 

b. 



53 

 

 

c. 

 

Figure 40: AFM height image showing the a) front view, b) surface roughness and c) 3-D view 

surface of polyurethane coating containing 0% graphene after 12 days of UV and corrosion 

exposure 

 

Figure 41 shows the AFM images of the surface of a Glass Fiber specimen coated with 

polyurethane containing 2% graphene after 12 days of UV and corrosion exposure. From the 

study of Figure 41 (a), it can be seen that there is a presence of a large number of stress 

concentrators, which are seen as bright yellow circular spots, the coating surface still has 

relatively good surface integrity. Although there are a few pits formed on the surface, the number 

of pits is still a lot less as compared to the coating without graphene. The diameter of the pits is 

around 2µm to 5 µm, which means that there is no significant increase in the diameter of the pits. 

The average length of the cracks is around 20 µm and is the average width of the cracks is only 

around 40 nm even at this advanced stage of degradation. 
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a. 

 

b. 

 

c. 

 

Figure 41: AFM height image showing the a) front view, b) surface roughness and c) 3-D view 

surface of polyurethane coating containing 2% graphene after 12 days of UV and corrosion 

exposure 
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Figure 42 shows the AFM images of the surface of a Glass Fiber specimen coated with 

polyurethane containing 0% graphene after 16 days of UV and corrosion exposure. It can be seen 

from Figure 42 (a) that there an exponential increase in the number of pits that are formed on the 

surface. The increase in porosity of the surface will lead to a further increase in rate of 

degradation since it is easier for the moisture to seep into the coating.  

 

a. 

 

b. 

 

c. 

 

Figure 42: AFM height image showing the a) front view, b) surface roughness and c) 3-D view 

surface of polyurethane coating containing 0% graphene after 16 days of UV and corrosion 

exposure 
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Figure 43 shows the AFM images of the surface of a Glass Fiber specimen coated with 

polyurethane containing 2% graphene after 16 days of UV and corrosion exposure. When 

compared to Figure 42, it can be seen that the coating containing 2% graphene display superior 

properties because even after 16 days of combined UV and corrosion exposure, there is very 

little progress in the degradation process. The density of pits per 50 µm x 50 µm square section 

of the sample surface is less than 10% of that seen on the coating without graphene. The only 

major visible sign of degradation is the presence of cracks as seen in Figure 43 (a).   

 
a. 

 
b. 
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c. 

 

Figure 43: AFM height image showing the a) front view, b) surface roughness and c) 3-D view 

surface of polyurethane coating containing 2% graphene after 16 days of UV and corrosion 

exposure 

 

Figure 44 shows the AFM images of the surface of a Glass Fiber specimen coated with 

polyurethane containing 0% graphene after 20 days of UV and corrosion exposure. Figure 44 (a) 

reveals deep pits. The depth of these pits might be sufficient to expose the pigmentation cells to 

the atmosphere. The loss of pigmentation leads to discoloration of the coating.  
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a. 

b. 

 

c. 

 

Figure 44: AFM height image showing the a) front view, b) surface roughness and c) 3-D view 

surface of polyurethane coating containing 0% graphene after 20 days of UV and corrosion 

exposure 

 

Figure 45 shows the AFM images of the surface of a glass fiber specimen coated with 

polyurethane containing 2% graphene after 20 days of UV and corrosion exposure. At this 

advanced stage of degradation even the coating containing 2% graphene starts to degrade more 

rapidly, which is characterized by the exponential increase in number of pits and also widening 

of cracks on the surface {Figure 45 (a)}. However, the damage is still not great enough to expose 

the pigment cells. Overall, the coating containing 2% graphene has out-performed the coating 

without graphene. 
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a. 

b. 

 
c. 

 

Figure 45: AFM height image showing the a) front view, b) surface roughness and c) 3-D view 

surface of polyurethane coating containing 2% graphene after 16 days of UV and corrosion 

exposure 
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4.2.2 Comparative study of AFM images 

Figure 46 shows the comparison of surface profile of polyurethane top coat before any (0 

days) UV and corrosion exposure. Before any UV exposure, both the samples have very similar 

topology. The average surface roughness for both the samples was less than 50 nm.  

 

a. 

 

b. 

Figure 46: AFM deflection images showing the surface profile after 0 days of UV and corrosion exposure, 

(a) Glass fiber with coating containing 0% graphene and (b) glass fiber with coating containing 2% 

graphene  

 

Figure 47 shows the comparison of surface profile of polyurethane top coat after 4 days 

of UV and corrosion exposure. It can be seen from Figure 47 (a) that the polyurethane top coat 

has already started to degrade, which is characterized by the formation of blisters. These blisters 

have diameters ranging from 5 nm to 10 nm. These may also serve as site of origin of crack 

formation and propagation as seen in the Figure 47 (a) as they serve as sites of stress 

concentration. However, Figure 47 (b) shows contrasting results. The top coat containing the 

graphene retains its integrity, and no blisters or cracks are formed on the surface of the test 

specimen. The white spots seen in the figure are microscopic blobs of salt that were left behind 

after the corrosion test.   
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a. 

 

b. 

Figure 47: AFM deflection images showing the surface profile after 4 days of UV and corrosion exposure, 

(a) Glass fiber with coating containing 0% graphene and (b) glass fiber with coating containing 2% 

graphene  

 

Figure 48 shows the comparison of surface profile of polyurethane top coat after 8 days 

of UV and corrosion exposure.  

 

a. 

 

b. 

Figure 48: AFM deflection images showing the surface profile after 8 days of UV and corrosion exposure, 

(a) Glass fiber with coating containing 0% graphene and (b) glass fiber with coating containing 2% 

graphene  

 

It can be seen from figure 48 (a) that the top coat without graphene is already in advanced 

stages of degradation after just 8 days of UV and corrosion exposure. The sample exhibits 
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blisters with diameters up to 20 nm and lengths up to 40 nm as seen in figure 48 (a). However, 

the top coat containing graphene is relatively stronger. Although the degradation process has 

started to take effect in this top coat as well, the blisters formed in this sample are very small 

(diameter between 5 to 10 nm).  

Figure 49 shows the comparison of surface profile of polyurethane top coat after 12 days 

of UV and corrosion exposure. The figure 49 (a) shows signs of further degradation, 

characterized by the elongation of the cracks emanating from regions of stress concentration 

(cracks). Although cracks are seen in top coat containing graphene, the size of the cracks is 

comparably smaller compared to figure 49 (a), indicating a greater resistance against UV and 

corrosion degradation. 

 

a.  

 

b.  

Figure 49: AFM deflection images showing the surface profile after 12 days of UV and corrosion 

exposure, (a) Glass fiber with coating containing 0% graphene and (b) glass fiber with coating containing 

2% graphene  

 

Figure 50 shows the comparison of surface profile of polyurethane top coat after 16 days 

of UV and corrosion exposure. It was observed that the rate of degradation of the top coat 

accelerated from 16 days onwards. It can be observed from figure 50 (a) that the number of 
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blisters in a reference square section of size 50 x 50 µm has more than doubled from the previous 

cycle (12 days) of degradation. By observing figure 50 (b), it can be seen that even at this 

advanced stage of degradation the top coat surface is relatively good. The surface has a few 

evenly distributed cracks, but very few blisters.     

 

a. 

 

b. 

Figure 50: AFM deflection images showing the surface profile after 16 days of UV and corrosion 

exposure, (a) Glass fiber with coating containing 0% graphene and (b) glass fiber with coating containing 

2% graphene  

 

Figure 51 shows the comparison of surface profile of polyurethane top coat after 20 days 

of UV and corrosion exposure. As seen from figure 51 (a), the top coat without any nano-

additives (graphene) has undergone tremendous amounts of degradation characterized by 

formation of pits and cracks, revealing the pigment cells from the inner layers. At this stage even 

the top coat containing graphene has started to demonstrate an accelerated rate of degradation. 

However, once again the rate of degradation is still nowhere close to that demonstrated by the 

top coat without graphene.  
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a.  

 

b.  

Figure 51: AFM deflection images showing the surface profile after 20 days of UV and corrosion 

exposure, (a) Glass fiber with coating containing 0% graphene and (b) glass fiber with coating containing 

2% graphene  

 

Overall the AFM microscopy has served as a good visual indicator of the degradation process. 

Two conclusions can be drawn from the AFM images. Firstly, it has been proved again that a nano-

additive like graphene, when added to the coating can act like a reinforcement which binds the pigment 

cells and increases the resistance of the coating against environmental factors such as UV degradation and 

corrosion. Secondly, it re-established the mechanism of coating degradation that degradation proceeds 

through the formation of blisters and cracks on the surface resulting in the loss of coating properties.    
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4.3 Contact angle measurement 

Table 3 shows the variation in the contact angles of the coatings containing different 

percentages of graphene as a result of UV exposure and corrosion. The contact angles were 

measured in intervals of 4 days. The contact angles were recorded after 0, 4, 8, 12, 16 and 20 

days. It can be seen that the contact angle of glass fiber without coating is around 75°. But 

coating of the glass fiber increases the contact angle, indicating better hydrophobicity. The 

contact angles of the coated samples were observed to be between 82° and 87°.  

TABLE 3 

 

VARIATION OF CONTACT ANGLE MEASUREMENTS OF COATINGS CONTAINING 

DIFFERENT PERCENTAGES OF GRAPHENE AS A RESULT OF UV EXPOSURE AND 

CORROSION 

 

UV 

Exposure 

+ 

Corrosion 

(Days) 

Glass Fiber 

(No 

Coating) 

Glass 

Fiber 

(0% Gr 

+ 

0% Ge) 

Glass 

Fiber 

(2% Gr 

+ 

2% Ge) 

Glass 

Fiber 

(4% Gr 

+ 

4% Ge) 

Glass 

Fiber 

(6% Gr 

+ 

6% Ge) 

Glass Fiber 

(8% Gr 

+ 

8% Ge) 

0 75.40±1.46 86.15±0.96 87.09±0.7 84.84±0.47 84.35±0.36 78.96±0.32 

4 76.07±7.17 77.61±0.39 77.36±0.33 79.79±0.16 78.53±0.39 73.71±5.82 

8 68.36±11.6 74.20±0.25 79.24±0.6 77.45±0.5 79.46±0.42 65.03±25.2 

12 65.28±0.69 73.33±0.28 78.34±1.62 72.73±0.17 75.11±0.24 64.63±10.08 

16 53.33±0.76 70.00±0.12 75.00±0.22 70.57±0.44 72.13±6.68 54.49±28.72 

20 52.44±19.14 65.29±0.35 67.87±0.32 68.56±0.33 69.03±0.27 49.54±3.41 
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Figure 52 shows the graphical representation of variation in contact angle of the surface 

of the test samples as function of exposure time.  

 

Figure 52: Change in contact angle values with UV exposure time for samples with and without 

coatings (with different percentages of graphene content) 

 

It can be seen from the Figure 52 that the glass fiber sample without any coating suffers 

the largest decrease in contact angle. At 0 days of UV exposure, glass fiber sample has a contact 

angle of 77.03°. However, at the end of the test cycle (20 days), the contact angle falls to 52.44°. 

The contact angle has fallen by almost 32%. 

However, the addition of graphene in different percentages does improve the resistance 

against UV degradation, which is reflected by the smaller fall in contact angle of the coated 

samples containing graphene. For the glass fiber sample containing 0% the contact angle falls 

from 86.15° to 65.29°. But for the coated samples containing different percentages of graphene, 

the coating containing 2% graphene seemed to give the best results, as it can be visually seen 

40

50

60

70

80

90

0 4 8 12 16 20

C
o

n
ta

ct
 a

n
g

le
 (

d
e

g
)

Exposure time (days)

Contact angle vs. Exposure time

Glass fiber

0% Gr, 0% Ge

2% Gr, 2% Ge

4% Gr, 4% Ge

6% Gr, 6% Ge

8% Gr, 8% Ge



67 

 

from Figure 52. The coated sample containing 2% graphene had an initial contact angle of 

87.09°. After 20 days of UV exposure, the contact angle fell to 67.87°, which is better than the 

earlier mentioned samples. It was seen that any further increase in weight percentage of graphene 

does not significantly improve the resistance against UV degradation. In fact, an increase in 

weight percentage of graphene beyond 6% may deteriorate the properties of the coating. The 

coated sample containing 8% graphene performed worse than sample containing 0% graphene. 

This may be due to the excess quantity of the graphene in the coating. The excess addition of 

graphene makes the coating brittle, and susceptible to cracking under the influence of 

deteriorating factors such as UV exposure.       
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Figure 53 shows the time series deterioration of the contact angle of a glass fiber sample, 

without any coating. The absence of coating leads to a rapid drop in contact angle after just 20 

days of UV and corrosion resistance. The contact angle drops from 77.03° (at 0 days) to a 

modest value of 52.44° after 20 days. 

 
 

 

 
 

 

 
 

 

 

Figure 53: Contact angle readings of glass fiber without coating after 0, 4, 8, 12, 16 and 20 days 

of UV and corrosion exposure. a) 0 Days UV and corrosion exposure, b) 4 Days UV and 

corrosion exposure, c) 8 Days UV and corrosion exposure, d) 12 Days UV and corrosion 

exposure, e) 16 Days UV and corrosion exposure and f) 20 Days UV and corrosion exposure 

a. b. 

c. 
d. 

e. 
f. 
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Figure 54 shows the time series deterioration of the contact angle of a glass fiber sample, 

with a polyurethane coating without any nano-additives. This sample has contact angle values 

ranging from 86.1° to 65.29° which are considerably higher than the glass fiber sample. 

 
 

 

 
 

 

 
 

 

 

Figure 54: Contact angle readings of glass fiber with coating containing 0% Graphene and 0% 

Gentamicin after 0, 4, 8, 12, 16 and 20 days of UV and corrosion exposure. a) 0 Days UV and 

corrosion exposure, b) 4 Days UV and corrosion exposure, c) 8 Days UV and corrosion 

exposure, d) 12 Days UV and corrosion exposure, e) 16 Days UV and corrosion exposure and f) 

20 Days UV and corrosion exposure 

 

a. b. 

c. d. 

e. f. 
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Figure 55 shows the time series deterioration of the contact angle of a glass fiber sample, 

with a polyurethane coating containing 2% nano-additives. The contact angle values for this 

sample vary from 87.09° to 76.87°, which is an improvement over the standard coating.  

 
 

 
 

 
 

 

 
 

 

 

Figure 55: Contact angle readings of Glass Fiber with coating containing 2% graphene after 0, 4, 

8, 12, 16 and 20 days of UV and corrosion exposure. a) 0 Days UV and corrosion exposure, b) 4 

Days UV and corrosion exposure, c) 8 Days UV and corrosion exposure, d) 12 Days UV and 

corrosion exposure, e) 16 Days UV and corrosion exposure and f) 20 Days UV and corrosion 

exposure 

 

a. b. 

c. d. 

e. f. 
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Figure 56 shows the time series deterioration of the contact angle of a glass fiber sample, 

with a polyurethane coating containing 4% nano-additives. The contact values for this coating 

varied from 84.84° to 68.56°. The performance of this coating was very similar to the coating 

with 2% graphene. 

 
 

 
 

 
 

 

 
 

 

 

Figure 56: Contact angle readings of Glass Fiber with coating containing 4% graphene after 0, 4, 

8, 12, 16 and 20 days of UV and corrosion exposure. a) 0 Days UV and corrosion exposure, b) 4 

Days UV and corrosion exposure, c) 8 Days UV and corrosion exposure, d) 12 Days UV and 

corrosion exposure, e) 16 Days UV and corrosion exposure and f) 20 Days UV and corrosion 

exposure 

 

b. a. 

c. 
d. 

e. f. 
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Figure 57 shows the time series deterioration of the contact angle of a glass fiber sample, 

with a polyurethane coating containing 6% nano-additives. The contact values for this coating 

varied from 84.35° to 69.03°. The performance of this coating also was very similar to the 

coating with 2% graphene. 

 
 

 
 

 
 

 

 
 

 

 

Figure 57: Contact angle readings of Glass Fiber with coating containing 6% graphene after 0, 4, 

8, 12, 16 and 20 days of UV and corrosion exposure. a) 0 Days UV and corrosion exposure, b) 4 

Days UV and corrosion exposure, c) 8 Days UV and corrosion exposure, d) 12 Days UV and 

corrosion exposure, e) 16 Days UV and corrosion exposure and f) 20 Days UV and corrosion 

exposure 

 

a. b. 

c. d. 

e. f. 
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Figure 58 shows the time series deterioration of the contact angle of a glass fiber sample, 

with a polyurethane coating containing 8% nano-additives. The contact angles observed in this 

case were consistently lower than coatings containing 2%, 4% and 6% of graphene. The excess 

graphene may lead to embrittlement of the coating, making it susceptible to degradation. 

 
 

 
 

 
 

 

 
 

 

 

Figure 58: Contact angle readings of Glass Fiber with coating containing 8% graphene after 0, 4, 

8, 12, 16 and 20 days of UV and corrosion exposure. a) 0 Days UV and corrosion exposure, b) 4 

Days UV and corrosion exposure, c) 8 Days UV and corrosion exposure, d) 12 Days UV and 

corrosion exposure, e) 16 Days UV and corrosion exposure and f) 20 Days UV and corrosion 

exposure 

  

a. b. 

c. d. 

e. f. 
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4.4 Coating thickness measurement 

It was discussed earlier (Chapter 4.2) that once degradation of the polyurethane sets in, 

formation of blisters and cracks take place. This process continues with increased exposure to the 

environmental factors resulting in the breakage of the blisters and cracks, leading to the release 

of the pigment cells. This loss of pigments leads to a minute decrease in the coating thickness. A 

visual indicator of loss of pigmentation is the fading of the color. Asmatulu et. al. tried to 

characterize this phenomena through the measurement of the coating thickness at different stages 

of UV and corrosion exposure. 

TABLE 4 

 

THICKNESS OF COATINGS WITH 0% GRAPHENE AT DIFFERENT STAGES OF UV 

AND CORROSION EXPOSURE 

 

UV Exposure 

Time 

(Days) 

Average 

Coating 

Thickness 

Before 

Corrosion 

(mil) 

Average 

Coating 

Thickness 

After 

Corrosion 

(mil) 

Reduction in 

Coating 

Thickness 

(%) 

Mean 
Standard 

Deviation 

0 3.12 3.12 0 3.12 0 

4 3.12 3.03 2.88 3.075 0.06364 

8 3.03 2.97 1.98 3 0.042426 

10 2.97 2.89 2.69 2.93 0.056569 

12 2.89 2.8 3.11 2.845 0.06364 

16 2.8 2.67 4.64 2.735 0.091924 

20 2.67 2.47 7.49 2.57 0.141421 
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TABLE 5 

 

THICKNESS OF COATINGS WITH 2% GRAPHENE AT DIFFERENT STAGES OF UV 

AND CORROSION EXPOSURE 

 

UV Exposure 

Time 

(Days) 

Average 

Coating 

Thickness 

Before 

Corrosion 

(mil) 

Average 

Coating 

Thickness 

After 

Corrosion 

(mil) 

Reduction in 

Coating 

Thickness 

(%) 

Mean 
Standard 

Deviation 

0 3.22 3.22 0 3.22 0 

4 3.22 3.15 2.17391 3.185 0.049497 

8 3.15 3.09 1.90476 3.12 0.042426 

10 3.09 3.01 2.589 3.05 0.056569 

12 3.01 2.92 2.99003 2.965 0.06364 

16 2.92 2.8 4.10959 2.86 0.084853 

20 2.8 2.67 4.64286 2.735 0.091924 

 

 

Figure 59: Percent reduction in coating thickness of different top coats containing different 

percentages of graphene 
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Figure 59 shows the percentage decrease in coating thickness as a function of time due to 

environmental degradation.      

Primarily, two conclusions can be drawn from Figure 59. Firstly it can be observed that 

the coating containing 2% graphene has better resistance against degradation, which is reflected 

by a smaller decrease in coating thickness. It can be seen that the percentage decrease in coating 

thickness of top coat without graphene is 7.49% after 20 days of UV and corrosion exposure. 

The sample containing 2% graphene saw a decrease of only 4.64% in its thickness after a period 

of 20 days of UV and corrosion exposure. Secondly, it can be concluded that there is an 

exponential decrease in the thickness of the coating after 12 days of UV and corrosion exposure. 
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CHAPTER 5 

CONCLUSION 

Coatings have been used to protect against adverse environmental factors, such as UV 

light and corrosion on a wide variety of materials such as metals, polymers, composites etc. Even 

though coatings provide a relatively good vapor barrier, they are in turn susceptible to 

degradation due to the environmental factors. The aim of the research was to develop a nano-

composite coating with improved resistance against UV light and corrosion. In order to achieve 

this, a nano material, namely graphene platelets were used to reinforce the polyurethane coating. 

The graphene was dispersed in the polyurethane matrix. After the curing of the polyurethane, the 

graphene bonds with the polyurethane to form a reinforced polyurethane coating. The hypothesis 

was that owing to its tremendous mechanical properties, graphene would act like a binding agent 

and prevent the breakage of the polyurethane under stress.  

Graphene in different weight percentages was added into the coatings, and subsequently 

tests were conducted to check for the variation in properties of the coatings. Test samples were 

prepared by addition of 2%, 4%, 6% and 8% weight percentage of graphene into the standard 

polyurethane coatings. The Fourier Transform Infrared Spectroscopy (FTIR), Atomic Force 

Microscope (AFM), water contact angle tests were performed to quantify the variation in 

properties.  

The tests confirmed the hypothesis that addition of graphene does in fact improve the 

resistance against UV degradation and corrosion. The polyurethane coating containing 2% 

graphene showed largely improved performance as compared to the standard polyurethane 

coating. It was also observed that increased concentration of graphene in configurations of 4%, 
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6% and 8% did not significantly improve the performance of the coating. This conclusion was 

based on the observation that the performance of the coatings containing 4% and 6% graphene 

was very similar to the performance of the coating with 2% graphene. However, the coating 

containing 8% graphene displayed deterioration of properties, which indicates that excess 

inclusion of graphene could make the coating brittle. 

Also the detailed FTIR analysis reinforced the hypothesis that degradation of 

polyurethane coatings occurred due to the formation of certain water soluble compounds such as 

carbonyls, aldehydes, ketones and peroxides. Through the time series study of the AFM images 

at different stages of the UV and corrosion tests, a detailed study of the progression of 

degradation was explained characterized by formation and enlargement of blisters and cracks. 

Overall, the research has given a detailed overview of the mechanism of coating 

degradation, and also suggested a means to arrest or decrease the rate of this degradation, by the 

use of a nano-additive, namely graphene. 
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CHAPTER 6 

FUTURE WORK 

The study of degradation of coatings is a very broad and interesting field of study that can 

inspire a lot of future research work.  

Firstly, more advanced and sophisticated methods of coatings such as wafer coating 

technique can be used, that can ensure better quality of surface finish with minimal voids or 

inclusions. A void and inclusion free coating would automatically have better performance since 

it forms a robust vapor barrier.  

Researchers can also experiment with the use of different types of nano-additives such as 

TiO2, ZnO, ZrO2, and CdTe. A comparative study can also be carried out to compare the 

performance of each type of nano-additive on the polyurethane coating to suggest the best 

possible alternative that has optimum performance at reasonable cost. 

Thin film technology can also be used to coat composite materials. This technology can 

eliminate the use of the heavy polyurethane coatings. The thin coat can perform the functions of 

a polyurethane coating, but without any significant increase in weight. This technology might be 

specifically attractive for the aerospace industry and energy industry, in coating of wind turbines. 

The characterization of the coated samples also can be more comprehensive if more 

studies are conducted such as X-ray diffraction and UV spectroscopy. 
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APPENDIX  

STATISTICAL ANALYSIS OF CONTACT ANGLE MEASUREMENTS 

TABLE 6 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE WITHOUT POLYURETHANE COATING BEFORE UV EXPOSURE 
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APPENDIX (Continued) 

TABLE 7 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE COATED WITH POLYURETHANE CONTAINING 0% GRAPHENE BEFORE UV 

EXPOSURE 

 

 
 

 

TABLE 8 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE COATED WITH POLYURETHANE CONTAINING 2% GRAPHENE BEFORE UV 

EXPOSURE 
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APPENDIX (Continued) 

TABLE 9 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE COATED WITH POLYURETHANE CONTAINING 4% GRAPHENE BEFORE UV 

EXPOSURE 

 

 
 

 

TABLE 10 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE COATED WITH POLYURETHANE CONTAINING 6% GRAPHENE BEFORE UV 

EXPOSURE 
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APPENDIX (Continued) 

TABLE 11 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE COATED WITH POLYURETHANE CONTAINING 8% GRAPHENE BEFORE UV 

EXPOSURE 

 

 
 

 

TABLE 12 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE WITHOUT POLYURETHANE COATING AFTER 4 DAYS OF UV EXPOSURE 
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APPENDIX (Continued) 

Table 13 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE COATED WITH POLYURETHANE CONTAINING 0% GRAPHENE AFTER 4 

DAYS OF UV EXPOSURE 

 

 
 

 

TABLE 14 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE COATED WITH POLYURETHANE CONTAINING 2% GRAPHENE AFTER 4 

DAYS OF UV EXPOSURE 
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APPENDIX (Continued) 

TABLE 15 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE COATED WITH POLYURETHANE CONTAINING 4% GRAPHENE AFTER 4 

DAYS OF UV EXPOSURE 

 

 
 

 

TABLE 16 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE COATED WITH POLYURETHANE CONTAINING 6% GRAPHENE AFTER 4 

DAYS OF UV EXPOSURE 
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APPENDIX (Continued) 

TABLE 17 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE COATED WITH POLYURETHANE CONTAINING 8% GRAPHENE AFTER 4 

DAYS OF UV EXPOSURE 

 

 
 

 

TABLE 18 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE WITHOUT POLYURETHANE COATING AFTER 8 DAYS OF UV EXPOSURE 
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APPENDIX (Continued) 

TABLE 19 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE COATED WITH POLYURETHANE CONTAINING 0% GRAPHENE AFTER 8 

DAYS OF UV EXPOSURE 

 

 
 

 

TABLE 20 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE COATED WITH POLYURETHANE CONTAINING 2% GRAPHENE AFTER 8 

DAYS OF UV EXPOSURE 

 

 



93 

 

APPENDIX (Continued) 

TABLE 21 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE COATED WITH POLYURETHANE CONTAINING 4% GRAPHENE AFTER 8 

DAYS OF UV EXPOSURE 

 

 
 

 

TABLE 22 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE COATED WITH POLYURETHANE CONTAINING 6% GRAPHENE AFTER 8 

DAYS OF UV EXPOSURE 
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APPENDIX (Continued) 

TABLE 23 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE COATED WITH POLYURETHANE CONTAINING 8% GRAPHENE AFTER 8 

DAYS OF UV EXPOSURE 

 

 
 

 

TABLE 24 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE WITHOUT POLYURETHANE COATING AFTER 12 DAYS OF UV EXPOSURE 
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APPENDIX (Continued) 

TABLE 25 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE COATED WITH POLYURETHANE CONTAINING 0% GRAPHENE AFTER 12 

DAYS OF UV EXPOSURE 

 

 
 

 

TABLE 26 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE COATED WITH POLYURETHANE CONTAINING 2% GRAPHENE AFTER 12 

DAYS OF UV EXPOSURE 
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APPENDIX (Continued) 

TABLE 27 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE COATED WITH POLYURETHANE CONTAINING 4% GRAPHENE AFTER 12 

DAYS OF UV EXPOSURE 

 

 
 

 

TABLE 28 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE COATED WITH POLYURETHANE CONTAINING 6% GRAPHENE AFTER 12 

DAYS OF UV EXPOSURE 
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APPENDIX (Continued) 

TABLE 29 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE COATED WITH POLYURETHANE CONTAINING 8% GRAPHENE AFTER 12 

DAYS OF UV EXPOSURE 

 

 
 

 

TABLE 30 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE WITHOUT POLYURETHANE COATING AFTER 16 DAYS OF UV EXPOSURE 

 

 



98 

 

APPENDIX (Continued) 

TABLE 31 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE COATED WITH POLYURETHANE CONTAINING 0% GRAPHENE AFTER 16 

DAYS OF UV EXPOSURE 

 

 
 

 

TABLE 32 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE COATED WITH POLYURETHANE CONTAINING 2% GRAPHENE AFTER 16 

DAYS OF UV EXPOSURE 
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APPENDIX (Continued) 

TABLE 33 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE COATED WITH POLYURETHANE CONTAINING 4% GRAPHENE AFTER 16 

DAYS OF UV EXPOSURE 

 

 
 

 

Table 34 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE COATED WITH POLYURETHANE CONTAINING 6% GRAPHENE AFTER 16 

DAYS OF UV EXPOSURE 
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APPENDIX (Continued) 

Table 35 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE COATED WITH POLYURETHANE CONTAINING 8% GRAPHENE AFTER 16 

DAYS OF UV EXPOSURE 

 

 
 

 

TABLE 36 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE WITHOUT POLYURETHANE COATING AFTER 20 DAYS OF UV EXPOSURE 
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APPENDIX (Continued) 

TABLE 37 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE COATED WITH POLYURETHANE CONTAINING 0% GRAPHENE AFTER 20 

DAYS OF UV EXPOSURE 

 

 
 

 

TABLE 38 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE COATED WITH POLYURETHANE CONTAINING 2% GRAPHENE AFTER 20 

DAYS OF UV EXPOSURE 
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APPENDIX (Continued) 

TABLE 39 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE COATED WITH POLYURETHANE CONTAINING 4% GRAPHENE AFTER 20 

DAYS OF UV EXPOSURE 

 

 
 

 

TABLE 40 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE COATED WITH POLYURETHANE CONTAINING 6% GRAPHENE AFTER 20 

DAYS OF UV EXPOSURE 
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APPENDIX (Continued) 

Table 41 

 

STATISTICAL ANALYSIS OF CONTACT ANGLE READINGS OF GLASS FIBER 

SAMPLE COATED WITH POLYURETHANE CONTAINING 8% GRAPHENE AFTER 20 

DAYS OF UV EXPOSURE 

 

 
 


