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ABSTRACT 

The main purpose of this study was to investigate the effectiveness of Superhydrophobic 

coating surfaces on fiber-reinforced laminate composites. Unlike other structural materials, 

polymeric materials can absorb more moisture or solvents from the environment, which in turn 

can affect the mechanical, thermal, and physical properties that decrease the service life of the 

components. Due to the presence of water in the composite structures, the polymeric matrix goes 

through a plastification phase (aging). During the transport hydrolysis or chemical aging, the 

polymer can be drastically damaged or degraded. 

 In order to eliminate the moisture absorption or gain into the composite structures, 

superhydrophobic coatings were applied to the polymeric composites of Carbon, Kevlar, and 

Glass. The composite coupons with 2.5x2.5x0.2 cm dimensions were coated with the bottom and 

bottom + top coats and the coupons were subjected to the moisture ingression tests until the 

samples reach their moisture equilibrium, which may vary between four to six weeks, and the 

ingression tests were performed along with the bare composite coupons in separate DI water. 

The water contact angle values and the thickness of the composite samples for the bare, bottom, 

and top coat were measured at the beginning and at the end of the tests. The moisture gain of all 

the composite coupons was measured as a function of immersion times. 

In this research, three tests—Dipping, Spraying, and Heat Treatment—were performed 

on the samples to observe the moisture gain in the samples. To characterize the coating surfaces 

Contact Angle tests, UV Chamber results and FTIR Analysis were performed. The results clearly 

showed that when the surface of composites were coated with Superhydrophobic coatings, the 

moisture absorption and the thickness were much less when compared to the bare composite 

coupons and in all the tests; the Heat Treatment had absorbed less moisture when compared to 

other tests. This study can provide several benefits to the composite Industry in general and 

Aircraft Industry in particular, when there was a need for high strength and low weight, to 

eliminate or minimize the moisture from the composite materials.  
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CHAPTER 1 
 

INTRODUCTION 

 

1.1 Introduction 
 

Superhydrophobic coatings have been involved in many industrial applications as these 

surfaces exhibit high repellent properties. By using superhydrophobic coatings we can state that 

these coatings have been used to increase the surface properties of the material by decreasing the 

problems like corrosion, adhesion, icing, and wetting, and also act as self-healing. The 

superhydrophobic nature of the material comes from the low surface energy and is caused by the 

Nano or micro materials. These superhydrophobic coatings consist of two coats which have a 

bottom (or base) and top coat. The bottom or base coat provides the permanent layer of 

protection, and the top coat can be applied to regain the superhydrophobicity of the material. 

Generally, composite materials are the combination of matrix and reinforcement. The 

main purpose of the matrix is to hold the fibers together, and the main purpose of the 

reinforcement is to provide strength and stiffness and to improve the mechanical properties of the 

materials. The fiber-reinforced laminated composites have multiple layers of fibers, and the 

fibers may be continuous with different fiber orientations. Fiber-laminated composites are 

subjected to a wide range of mechanical loads and environmental conditions, such as high and 

low temperatures, moisture, etc. [1]. Due to environmental conditions, there will be effects in 

mechanical, physical, chemical, and thermal properties. The common fiber-reinforced 

composites used in aerospace industries are carbon, glass, and Kevlar. 
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1.2 Background and Motivation 
 

Compared to other materials, composites can absorb more moisture and UV light from 

the outside environment. This absorption reduces the overall service life of the composites. As 

there can be the absorption of moisture in the composites, the water goes through the physical 

aging stage by creating the damage or degradation in the composite [2].  

Moisture diffusivity can be defined as a phenomenon in the environment in which the 

liquid that disperses and diffuses through a gas as a vapor condenses on a surface as dew or is 

transported into a material [3]. Moisture Diffusion rate depends on the chemical and physical 

structures of the materials, liquid solubility and type, surface tension, humidity, pressure, and 

temperature conditions [4].  

Moisture absorption can be defined as diffusion, dissolution, relaxation, swelling, 

deformation, and pressure stress formed in the matrix materials. Fiber-reinforced composites are 

very sensitive to moisture due to the interactions between high polar groups of resin and water 

molecules within the fibers. Water/liquid uptake mostly happens in the matrix or at matrix-fiber 

interfaces and is absorbed into the material through a diffusion mechanism. Depending on the 

hygroscopic level of the materials, the natural moisture absorption rate can significantly change 

[4]. 

Material properties, polarity, the degree of cure, environment homogeneity of material, 

and material conditions, temperature, relative humidity, pressure, thickness, and design are the 

most critical factors affecting moisture absorption into the composite structures [5]. Other factors 

include the composite surface morphology, such as voids, pinholes, and matrix cracks that allow 

moisture to be absorbed easily, which detrimentally affects moisture diffusion rate. Processing of 
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composites can be another key factor that dominates moisture absorption. Water absorption can 

also be affected by the degree of polymerization, the number of polar functional groups, 

crystallinity, chain length, molecular weight, and the bond strength between water and the 

molecules.  

Super Hydrophobicity of a material was a key variable for a few mechanical and 

industrial applications. The contact angle on a surface of any material can be the angle measured 

between the outline tangents of a liquid/vapor drop deposited on the surface. It was usually 

related to the quantitative measure of wetting a solid surface by a liquid. Surfaces with high 

contact angle have extraordinary components to prevent against the moisture absorption and 

additionally against wetting and self-cleaning. Hydrophilic and hydrophobic properties of 

surfaces are resolved to utilize the contact angle esteem value between the water droplet and on 

the composite surface.  

1.3 Objective of Study 
 

The main objective was to study the effects of superhydrophobic coating surfaces on the 

fiber-reinforced laminated composites like carbon, glass, and Kevlar, which are mostly used in 

the aircraft industry. Three composite panels were manufactured using carbon, glass, and Kevlar 

pre-pegs, and later the panels were CNC machined with dimensions as specified by 2.5x2.5x0.2 

cm.  

In order to eliminate the moisture absorption or ingression into the laminate composite 

structures, superhydrophobic coatings were applied to the laminated composites of three 

different fibers (e.g., carbon, glass and Kevlar). The composite coupons with 2.5x2.5x0.2 cm 

dimensions were coated with the bottom and bottom + top coats and then subjected to the 
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moisture ingression tests for four to six weeks along with the bare composite coupons in separate 

DI water containers [6]. The water contact angle values of the composite samples (e.g., bare, 

bottom coat, and bottom + top coat) of the carbon, glass, and Kevlar fibers were measured at the 

beginning of the tests. The moisture gains of all the composite panels were measured as a 

function of immersion times. The contact angles were measured in the samples before and after 

tests, which showed the superhydrophobic properties of the coatings on composites.  

 In order to eliminate the moisture absorption in the composite coupons, 

superhydrophobic coatings were coated on the surfaces. 

 There were three processes performed for moisture absorption, which included Dipping 

or Vacuuming, Spraying, and Heat Treatment at 22°, 60°, 90° and 120°C.  

 After performing each test for four to six weeks, the contact angles test and thickness 

were measured.  

All the characteristics of the coatings were tested by calculating the results of moisture 

absorption tests, UV test, and Fourier Transform Infrared Spectroscopy (FTIR). This study can 

provide several benefits to the composite and aircraft industry to eliminate or minimize the 

moisture ingressions. 
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CHAPTER 2 
 

LITERATURE REVIEW 
 

2.1 Superhydrophobic Surfaces 
 

There is a lot of research being conducted on superhydrophobic surfaces, which has 

evoked interest in many researchers because of its applications and properties. Superhydrophobic 

surfaces exhibit repellency properties; the water drops, when applied on these types of surfaces, 

repel or bounce away from the surface, and the water can be rolled with an applied force [7].  

According to Woodward et al., the degree to which solid repels a liquid depended on the 

surface energy and morphology. The hydrophobicity property could be enhanced when the 

surface energy was decreased. On superhydrophobic surfaces, the property of wettability was 

determined by surface-free energy with the help of chemical composition. There were also 

certain conditions where the superhydrophobic surfaces could not be only obtained by decreasing 

the surface energy. 

Wenzel et al. [8] stated that superhydrophobic property on the surfaces could be because 

of the surface morphology. Hydrophobicity property could also be enhanced by roughening a 

surface. When the surface was roughened there could be an increase in the interface of solid and 

liquid, and air could also be trapped between the surface and the liquid droplet, creating surface 

hydrophobicity. 

Ogihara et al. [9] stated that the main responsible features for the superhydrophobic 

surfaces were the micro and Nano hierarchal structures. Surface wetting behavior can be 

characterized into four regions, based on the water contact angle measurements. The two main 
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phases of the surfaces are hydrophilic and hydrophobic surfaces. Different types of coatings were 

used based upon the applications, where hydrophobic coatings are used in the engineering and 

industrial applications and hydrophilic coatings are used in the varnish and paint industries. 

Based on the contact angles, superhydrophilicity can be described as initial wetting and 

superhydrophobicity can be characterized as perfect non-wetting. 

According to Barkhudarov et al., the main reason for self-cleaning in the 

superhydrophobic surfaces is due to the action of a high capillary force acting upon the dust 

particles, which are interpreted by small adhesion at the water drop and air interface. The 

superhydrophobic properties on the surface are created due to the interfacial energy which was 

low and their rough surfaces. These are the reasons which lead to the increase in water contact 

angles and self-cleaning effect. Figure 1  shows the schematic views of superhydrophilic, 

hydrophilic, hydrophobic, and superhydrophobic surfaces of the solids based on contact angles 

[6]. 

 

Figure 1 : Schematic views of superhydrophilic, hydrophilic, hydrophobic, and superhydrophobic 

surfaces of the solids based on contact angles [6]. 

Superhydrophobicity can be defined as the physical property of a surface where the 

contact angle exceeds 150, which means the surface has very low surface energy [10]. If a water 

droplet was dropped on the superhydrophobic surface, a water droplet could bounce on the 
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superhydrophobic surface and also roll off with less than 10 contact angle. The 

superhydrophobic surface could act as the self -cleaning surface, due to the surface roughness 

and hydrophobicity of the surfaces; the superhydrophobic surface has an extremely high water 

repellent behavior, which makes it very difficult to wet.  

When the material acts as a superhydrophobic surface, the bacteria, fungi, algae,  

microorganisms, and dirt cannot deposit on top of the surfaces. On a superhydrophobic substrate, 

the water rolls off and leaves the surface by taking the dirt with it. Thus, the water cleans the 

surface naturally. This has a very useful application, especially for the deposit corrosion 

protection. 

Superhydrophilicity was the opposite property to the superhydrophobicity, in which 

water contact angle became less than 5 in 0.5 sec or less, which had the very high surface 

energy. Superhydrophilic materials have several advantages, such as antifogging, antibacterial, 

heat transfer, higher rate filter media, fuel cells, and other wettable surfaces. Contact angle value 

of the hydrophobic surface includes between 150 and 90 while that of the hydrophilic surface 

includes between 90 and 0. Depending on the coating materials and surface geometry, the 

contact angle values can drastically change, which can affect the corrosion rates on the surfaces. 

Superhydrophobic surfaces are common in nature, as well as superhydrophobic behavior 

of some of the natural (lotus leaves, and water strider) surfaces (Figure 2). The lower energy and 

higher micro and nanoscale roughness (asperities) of surfaces make the surface 

superhydrophobic. 
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Figure 2: superhydrophobic behavior in nature for the lotus leaf and water strider. 

 

2.2 Fabrication of Superhydrophobic Surfaces 
 

Different types of materials can be used to prepare superhydrophobic surfaces, which 

include organic and inorganic materials. Whichever material was considered the main focus to 

create surface roughness in the material develops superhydrophobic property [6]. There are 

different types of methods used for the preparation of superhydrophobic surfaces, which include 

sol-gel processing, coatings [11, 12], electro layer-by-layer assembly, photolithography, plasma 

treatment, etching, template, casting, mechanical stretching, chemical and electrochemical 

depositions, and chemical vapor depositions. 

2.2.1 Sol-gel Process 
 

This process was more appropriate in the preparation of superhydrophobic films or bulk 

materials. The surface roughness could be changed very easily by changing the mixture reaction. 

In Sol-gel method, Silica coatings were mostly used, producing surfaces of oxides such as Silica, 

alumina, and titania [13, 14]. By applying this process, it formed a flat surface coating like 
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aerogel, which shows the rough or fractal surface. The superhydrophobic coatings synthesized 

using this process was stable due to the covalent bonds between the substrate and the coatings.  

Barkhudarov et al. [15] have used organo-trimethoxysilanes to make optically transparent 

superhydrophobic films, which have contact angles from 155 to 170o. 

2.2.2 Layer-by-Layer Self-Assembly 
 

This process was a simple one to construct thin film coatings, which use deposition on 

alternate layers, which are oppositely charged. To form multilayers, it used electrostatic 

interaction and covalent bonds. This technique had a molecular control of the film thickness, 

which helped in the linear growth of films by creating a number of bilayers. Amigoni et al [16] 

stated that using hybrid organic/inorganic surfaces on different alternate layers of amino-

functionalized silica nanoparticles created superhydrophobic surfaces. 

2.2.3 Chemical and Electrochemical Deposition 
 

This method was intensively applied to prepare superhydrophobic surfaces. In this 

process, oxidation of metals in solution, anodization of metals, or electro deposition of polymers 

and reduction in the process took place, which included the deposition of metals and the galvanic 

deposition [17]. According to Huang et al. [18], copper surface, when covered with copper 

stearate, with electro deposition of 30V DC in stearic acid, showed superhydrophobic surfaces. 

2.2.4 Etching 
 

This method was an efficient one to produce superhydrophobic surfaces. Different 

methods like chemical, plasma, and laser etching, were used for creating etching techniques. 

Chemicals like hydrochloric acid and nitric acid were used as etching to prepare 
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superhydrophobic surfaces. In this method, the roughness depended on the time of chemical 

etching. 

2.2.5 Electrospinning 
 

This technique was a very powerful one-step method to create continuous ultrathin fibers 

from a variety of polymer materials. Electro spun fibers intrinsically provided one length scale of 

roughness for the superhydrophobicity. The mats of uniform fibers were obtained by electro 

spinning a superhydrophobic material 

2.2.6 Spraying 
 

Spraying was an easy, time-saving, and repairable method in the preparation of 

superhydrophobic surfaces. According to Xu et al. [19], the fabricated superhydrophobic copper 

meshes were used on evenly sprayed emulsions of silver nitrate and n-octadecanethiol in ethanol 

with Nitrogen gas by using a spray gun. The main advantage of this method compared to all 

methods, it could be repaired by partial spraying when it underwent mechanical damage of the 

surface.  

Ogihara et al. [9] prepared superhydrophobic paper by using different types of mixtures 

which contained nanoparticles of ethanol, and when this solution was manually sprayed over 

paper it created a superhydrophobic properties on the surface. In Spraying, the surface roughness 

and energy was controlled by spray-coating conditions, including the type of nanoparticle used in 

coatings and their size. 
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2.3 The Theory of Contact Angle 
 

The theory of wettability of solid surface and the equations that are used to expressed the 

contact angle of a water droplet are stated using two different phenomena, using Young’s 

equation and Wenzel and Cassie-Baxter models. 

2.3.1 Young’s Equation 
 

When a liquid drop was in contact with a solid, the interface was developed in between 

solid and liquid surfaces with a certain angle, which can be stated as Contact angle CA. The 

wettability of solid surface can be expressed by the contact angle of a water droplet and was 

given by the Young’s equation: 

                                                                                                         (2.1) 

At which γSA, γSL, γLA are the interface surface tensions with solid (S), liquid (L), 

vapor (V), respectively, and θ can be water contact angle. 

The surface roughness on a surface was due to the imperfections and defects in the 

material, which contribute to the superhydrophobicity surface wetting behavior [20].  The Young 

equation was based only on the terms of ideal conditions on the smooth solid surfaces, but not on 

rough surfaces. Figure 3 shows the schematic view of a liquid drop on a) a smooth solid surface; 

b) a tilted surface [20].  
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Figure 3: Schematic view of a liquid drop on a) a smooth solid surface; b) a tilted surface 

 

2.3.2 Wenzel and Cassie Baxter Models for Contact Angles 
 

Based upon the roughness wettability, Wenzel and the Cassie-Baxter model had been 

developed. Wenzel (1936) developed a model for rough surfaces, as Young’s equation doesn’t 

apply to the rough surfaces. Wenzel modified Young’s equation by relating flat surface for a 

rough surface model, and the equation was given as follows: 

                             (2.2) 

This equation was given as Wenzel equation, and the equation for roughness factor was 

given as: 

                (2.3) 

Here r can be given as the roughness factor for a non-dimensional surface. R was defined 

as the ratio of actual area of a rough surface (ASL) to the flat projected area (AF). 
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Figure 4: Wenzel equation for homogeneous solid liquid interface 

 

The Wenzel equation doesn’t apply to the heterogeneous surfaces, and it only applies to 

the homogeneous solid and liquid interface.  In the Wenzel approach, the hydrophobic surface 

became more hydrophobic if the surface microstructures were changed, which means the surface 

was rougher and had more voids where the new contact angle became greater than the original 

one (Figure 4). 

For applying on the heterogeneous surfaces, Cassie and Baxter proposed a model by 

dividing the surface into two fractional values and considering the fractional areas as f1+f2=1. 

According to Cassie and Baxter, the fractional area f1 was considered for the solid-liquid 

interface and f2 was considered as liquid-air interface, considering this type of model with air 

pockets on the composite interface. Figure 5 illustrates the Cassie and Baxter with the air pockets 

for the composite interface [20].  
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Figure 5: Cassie and Baxter with the air pockets for the composite interface 

 

The contact angle given by using first fraction and second fraction was given by the 

equation:  

               (2.4) 

By combining the equations of Young’s and the contact angle of two fractions it has 

given rise to the Cassie and Baxter equation: 

                                    (2.5) 

This equation was given as the Cassie and Baxter equation for the composite interface by 

using two fractions of an interface.  

Cassie developed an equation by replacing the air pockets with holes filled with water in 

the rough surface corresponding to the water-on-water contact as it was developed on the rough 

surfaces for the homogeneous interface (Figure 6).  
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Figure 6: Cassie equation for the homogeneous interface 

 

Cassie equation for the contact angle for the homogeneous surface interface was given as  

     (2.6) 

From all the contact angle models, the Cassie model was the only one used to predict 

from low to high extreme wetting surfaces, compared to the Wenzel model, which was 

determined only for homogeneous surfaces. From the Cassie model, we can state that reducing 

the solid fraction and increasing the air fraction by adding air pockets would enhance the water 

repellent properties of the surface; this can be considered either the surface as hydrophobic or 

hydrophilic. 

In the Cassie-Baxter approach, the water droplet was more mobile than in the Wenzel 

state, since the surface morphology of the solid was rough and the water droplet was in intimate 

contact with the solid asperities. UV light changes these states if the surface was composed of 

organic/polymeric-based materials. 
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Figure 7: Self -cleaning of surfaces and the contact angle of slanted surface in 2D and 3D 

 

The critical tilt angle (αc) of the surface, which primarily depends on the contact angle 

hysteresis, can be determined [21].  Figure 7 and 8 illustrates the self cleaning of surfaces in 2D 

and 3D form. Force F required moving a droplet on a surface: 

        

Figure 8: Self Cleaning of Surfaces 

Where LV can be the interfacial energy of the liquid-vapor interface, and CosR(min)–

CosA(max) are the contact angle hysteresis (A advancing and R receding angles).  
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2.4 Composite Materials 
 

The use of fiber-reinforced composites originated in World War II, by using glass fibers 

in the application of rocket motor cases [22]. From the 1960s, the market growth of composites 

had been very good with an average of 15% per year when compared to 11% of plastics and 

6.5% for chemicals and for the gross domestic product. [23]. The composites constitute of 

different materials combined in one material by using fillers or reinforcement with a matrix, 

which was a resin. The matrix acts as a binder for the reinforcement and also protects from 

environmental effects [24]. The primary purpose of the matrix was to transfer the loads and 

stress from the reinforcement; the primary purpose of reinforcement was to enhance the 

mechanical and physical properties of the composites, which include density, thermal expansion, 

electrical, and thermal conductivity. Reinforcements were added to the material in the form of 

fibers or particles.  

Different types of composite materials can be created using matrix and reinforcement 

materials; the matrix materials may be polymers, ceramics, metals, and carbon. The most 

commonly used reinforcements are in the form of long-oriented fibers, which include the fibers 

of glass, carbon, extended chain Polyethylene fibers, natural fibers, boron, ceramic, and aramid. 

Different fibers elongations can be used in the composite manufacturing, which includes strand, 

fabrics, filaments, pre-impregnated tapes, tow and pre-form fibers [25]. The fiber application can 

vary during the manufacturing, which consists of angular and single direction, and can be varied 

randomly throughout the part. 

Fiber-reinforced composites consist of fibers with high strength, which carry the loads. 

The matrix helps keep them in the desired location and orientation and protects them from the 

environmental damages like temperature and humidity. The most commonly used fibers for the 
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aerospace industries and for commercial use are carbon, glass, Kevlar, boron, and silicon 

carbide. The composites are considered in the aircraft industry because of the structural 

properties like strength, stiffness and toughness.  The common reinforcements used in aircraft 

industries are carbon, glass, and Kevlar. 

2.5 Manufacturing of Composites 
 

Fiber-reinforced composites have major constituents of the fibers and a matrix, and for 

building different composite structures some fillers and coatings may be added. Composites 

manufacturing includes different types of methods, such as spray-up, pultrusion, manual lay-up, 

automated lay-up, filament winding, and resin transfer molding [25]. The coatings on the 

composite structures were applied during the manufacturing within the fibers to improve the 

wetting properties in the material, which may lead to the increase the fiber-matrix interface. 

Manufacturing of a composite started with the incorporation of a fiber into a matrix, 

which was usually a thin layer to form a ply [26]. While incorporating the fibers into the matrix, 

the fibers were arranged in unidirectional, bidirectional, and multidirectional orientations.  

Among all the directional fibers, unidirectional fibers had high strength and modulus in the 

longitudinal direction.  Figure 10 explains the basic constitutes of composites. 
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Figure 9: Basic constituents of composite 

By using the lay-up process after the composites were manufactured this part needed to 

be cured at the required temperatures—such as be room temperature—by using heated air. For 

curing the composite parts, equipment like autoclaves, ovens, heated platen presses, and so forth 

were used. The Curing cycle could vary depending on the material properties, and it could take 

one hour to half a day or longer. Curing required a vacuum bag molding, usually a plastic film or 

possibly polyester, which was sealed around the lay-up and mold plate.  [27]A vacuum was 

created under the bag, forcing the heated air into the lay-up material, which used the molding 

effectively and forced the excess air and resin from the material [28]. 
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Manual lay-up and automated lay-up were primarily used in the aerospace industry for 

the manufacturing of composites. The main difference between manual lay-up and automated 

lay-up was that the automated lay-up included the automated process using CNC machines, 

whereas the manual lay-up involved cutting the reinforcement material to the required size by 

using hand- or power-operated devices.  

2.5.1 Manual Lay-up 
 

Manual lay-up involved cutting the reinforcement material into pieces, which were then 

impregnated with the wet matrix material, and it used a laid mold surface that had been coated 

with a resin or releasing agent. The impregnated reinforcement fibers were rolled using rollers 

for the uniform distribution and to remove the air which was wrapped inside the material. Many 

layers of fibers were added until the required thickness was built-up. This lay-up was also 

performed by using the impregnated material known as Prepreg. The main use of Prepreg was to 

eliminate separate handling of resin and reinforcement fibers, and the Prepreg needed to be 

stored in the refrigerator to prevent the premature curing. The Prepreg could improve the quality 

by providing more consistency to the reinforcements and fibers. After the Prepregs were laid up, 

it required the curing process, and the panel was kept in an autoclave at certain temperature and 

pressure. Figure 11 shows the Schematic view of a Manual lay-up Autoclave of a composite 

 

Figure 10: Schematic view of a Manual lay-up Autoclave of a composite [29] 
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2.5.2 Automated Lay-up 
 

Automated Lay-up was used for Prepreg tape laying and Prepreg fiber replacement. This 

lay-up did not require the size limit, but it required the shape to be flat and it required successive 

rows without gaps, airs, wrinkles, and overlaps of fibers in the material. Figure 12  explains the 

Schematic view of Automated Lay-up process 

 

Figure 11: Schematic view of Automated Lay-up process [29] 

2.5.3 Spray Lay-up 
 

Spray-up involved spraying the resin on a prepared mold surface using a spray gun. This 

spray gun continuously chopped the reinforcement simultaneously for the required lengths as the 

resin was being sprayed on the surface. Figure 13  shows the Schematic view of Spray Lay-up 

process 
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Figure 12: Schematic view of Spray Lay-up process [29] 

 

2.5.4 Filament winding 
 

Filament winding related to wrapping a narrow fiber band of resin-impregnated fiber 

around a mandrel in the desired shape to be produced, acting as a mold, and when the mandrel 

was removed, a hollow shape was formed. Filament winding can be applied using helical 

winding. Different types of filament winding took place, including pipe, tubes, tanks, and 

pressure vessels. The mandrels used in filament winding may be metallic or non-metallic and 

they are designed to dissolvable after curing or in part removal. Figure 14 illustrates the 

Schematic view of Filament Winding 
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Figure 13: Schematic view of Filament Winding [27] 

 

2.5.5 Pultrusion 
 

Pultrusion was commonly used to produce constant cross-sections for the long and 

straight shapes. In Pultrusion the composite material was pulled through a die and they were 

produced using continuous fibers for the reinforcements called roving, which provided the 

reinforcements in the longitudinal and transverse directions. These reinforcements were resin-

impregnated by drawing through a die, which was in the form of resin wet-out stations. They 

guided through the resin and were shaped and cured using a preheated die. When the die was 

cured, the pultrusion was cut into the desired length, and the pultrusion was in different 

structures, either hollow or solid. Figure 15  shows the Schematic view of Pultrusion process. 
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Figure 14: Schematic view of Pultrusion process [27] 

 

2.5.6 Resin Transfer Molding 
 

Resin transfer molding was commonly used in applications like aircraft parts and 

automotive components. For resin transfer molding the set of mold halves were installed with a 

reinforced material which was later clamped together. The Resin was either pumped or gravity-

fed into the mold, which had been infused into the reinforcement material. When the mold was 

created by filling the resin inside the mold material, it was then plugged, allowing the material to 

cure. When the curing was finished, the mold parts were separated, the composite part was 

created, and the final part was trimmed or finished. Figure 16  explains the Schematic view of 

Resin transfer molding 
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Figure 15: Schematic view of Resin transfer molding [27] 

 

2.5.7 Compression Molding 
 

Compression molding was generally used for molding the sheet molding compounds in 

the finished products. The main advantage of compression molding was that it produced very 

complex parts in limited time. In this type of molding, flanges, holes, ribs, and non-uniform 

thickness were incorporated, thus helping to eliminate the finishing operations. This operation 

was performed automatically and sheet molding compounds were placed in the mold, and when 

the compression took place, the structures were formed using compression molding process. 

Figure 17 shows the Schematic view of compression molding. 
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Figure 16: Schematic view of compression molding [27] 

 

2.6 Moisture Diffusion 
 

Diffusion can be stated as a rate of transportation of a fluid through the material in a unit 

time, which can be given as (mm2/s) [4]; According to Fick, the flux of a liquid was directly 

proportional to the negative gradients. This constant of proportionality is known as Moisture 

Diffusivity Constant, D. The moisture diffusivity can be defined as the rate at which the material 

absorbs, desorbs or transports moisture. [3] [30]. Moisture diffusivity can be defined as the liquid 

which diffuses and disperses through a gas as a vapor and condenses on a surface as dew, or can 

be transported into the material which can be quantified [8]. The moisture diffusion can be 

measured by exposing a material to a known solvent by monitoring weight gain of the material 

as a unit function of time at a certain temperature. For calculating the moisture diffusivity (D) 

precisely, the material needs to be exposed in a solvent until it reaches moisture equilibrium, for 

example, by considering the number of days as a function, such that the material would not able 

to absorb any more moisture from the solvent or from the surrounding environment [31]. If the 
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equilibrium point in the material is not reached, the material may increase or decrease the weight 

gain, so we need to reach a point where equilibrium point can be reached for the material. 

The common method for activating absorption model into the materials can be stated in three 

following steps. They are: 

1. Bulk dissolution of water into the material. 

2. The moisture absorption into the surfaces of the material which uses an excess of free 

volume elements. 

3. The hydrogen bonding created in the material between the hydrophilic groups and water 

molecules in the structure. 

The main cause of diffusion in a material was through the voids, pores, and vacancy within 

the molecules. When the material was exposed to the solvent, the liquid or gas molecules tended 

to diffuse into the matrix and occupy the positions within the molecules. The moisture diffusion 

rate was decreased by having a high-level cross-linking or densely packed molecule structure. 

The moisture diffusivity took place when the water molecules went between the matrix 

materials, as the water molecules were absorbed by forming hydrogen bonds. The high 

absorption rate took place in the composite structures with an increase in the polar groups [32]. 

2.6.1 Moisture Diffusion Model for Composites 

The moisture diffusion rate for any material depended on the factors like the structure of 

a material, type, and solubility of the solvent, humidity, and temperature conditions. The 

moisture absorption rate of any material changed based upon the hygroscopic level of the 

material.  
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The moisture diffusion rates can be calculated theoretically by following the formulas based 

upon Fick’s laws. Different types of moisture diffusion models were researched for the laminated 

composite structures, depending on the theoretical and experimental results. According to the 

study, the effect of the water intake in the composite materials characterized depending upon the 

affinity to water, and it followed few steps [4]. 

1. The analytical testing based upon the reversible and irreversible mechanisms. 

2. By creating a kinetic model by using diffusion laws and formulas. 

3. Based upon the diffusion laws, establishing the properties of materials. 

The saturation water mass (Ms) can be reached only if the interaction between fluid and 

composite can be reversible according to Abot, et al. [4]. They stated that water absorption 

model by immersing the samples of carbon laminates in water and calculating the moisture 

absorption rates by reaching a certain equilibrium rate and calculated the values before 

immersing in the water and after immersing in the water.  The following equations are stated to 

find the saturation mass and relative weight gain of the material. 

    (2.7) 

Here M (%) is the relative mass gain of the material and the saturation moisture mass M∞ 

can be given by the equation 

              (2.8) 

The average moisture or mass concentration of c bar can be given by the equation as  
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                              (2.9) 

In this equation Vw and Vc can be given as volume of water and volume of the dry 

composite; Mw and Mc are the masses of water and dry composite. 

The curves can be plotted by using the moisture or mass gain of the specimen after 

calculating M% either relative to the function of time or the square root of time (Figure 18). 

 

Figure 17: Moisture absorption for all specimens [3] 

From Figure 18, it can be stated that the process can be reversible for all the three 

specimens and it shows the moisture content M% in the Y direction, and in X direction it shows 

the number of days for the samples. 

Abbot et al. [4] also explained in two steps how the moisture was transported into the 

matrix, in which step 1 includes creating a concentration gradient by solvents on the polymer 
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surface and step 2 includes directing the diffusion of the solvent by using Fick’s second law of 

diffusion in a concentration gradient. 

By using Fick’s second law, diffusion time can be calculated by using the following 

equation: 

                                                                                                       (2.10) 

Here D as diffusivity, h as thickness, t as time and tD are diffusion time. And here D states 

that amount of water passing per second through a unit area.  

Pilli et al. [3] stated that the moisture absorption can be accelerated by increasing 

pressure in the conditioning chamber. To determine the moisture diffusion coefficient, they used 

a quasi-isotropic laminate and fiber composite laminates. Moisture diffusion coefficient can be 

stated by using the following equation: 

                                          (2.11) 

 Here D can be diffusion coefficient, h was thickness, Mm was the moisture content, m 

was saturation level, M1 was moisture content at temperature t1, and M2 was moisture content at 

t2; t1 and t2 are discrete times in the absorption process. 

According to Shi et al. [33], moisture diffusion can be stated by using Arrhenius 

equation. In this process, the glass laminates were conditioned by using accelerated conditioning 

and water bath immersion. The diffusion coefficient can be determined by using the equation: 

                                                                                                    (2.12) 
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Where D was the diffusion coefficient, D0 was the temperature independent pre-

exponential, Qd was the activation energy for diffusion, and R was the molar gas constant. 

For the unidirectional fiber composites, the diffusion coefficient D can be stated with the 

volumes of fiber and matrix, and the diffusion coefficient can be given in terms of longitudinal 

direction and transversal direction. The equations DL and DT can be given as 

                                             DL = VfDf + Dm (1-Vf)                                                   (2.13) 

                                              DT= Dmf (Vf, Df, Dm)                                                     (2.14) 

Here f stands for fiber, m for the matrix, DL for diffusion in Longitudinal direction, and DT  

for diffusion in a transverse direction. 

2.7 Moisture Absorption 
 

Moisture absorption can be defined as when the moisture was absorbed into the material 

it exhibited characteristics like swelling, diffusion, deformation, relaxation, and dissolution, 

which were formed of the matrix materials. In Polymers, the moisture absorption was due to the 

interaction between the resin, which consisted of high polar groups, and water molecules. In a 

matrix, the moisture absorption generally took place between the water/liquid uptake in the 

matrix and fiber interfaces, and this was absorbed by the diffusion mechanism. Moisture 

absorption can be an irreversible process and when the moisture was present in the material it 

generally increased the weight of the material, causing the material to degrade and exhibit 

physical or chemical aging [4]. 

2.7.1 Factors Affecting Moisture Absorption 
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The factors affecting moisture absorption were the properties of the material, 

environment conditions, the degree of cure, homogeneity of material, temperature, pressure, 

relative humidity, and design of the material [5]. Water absorption was also affected by the 

degree of crystallinity, the bond strength between the water and polymer molecules and a 

number of polar groups. Part geometry are also one of the factors that affects the moisture rate. 

In composites, moisture absorption took place due to the surface morphology such as 

voids, porosity, pin holes, and matrix cracks. When the surface had cracks or holes, it allowed 

moisture into it, which was absorbed easily, thus afecting the moisture diffusion rate [34]. In 

composites, high fiber volume laminates absorbed much less moisture compared to the resin-

dominated ones due to the liquid penetration which affected the higher sensitivity of a resin [31]. 

Processing of composites could also considered as another factor, affecting the moisture 

absorption because of the differences in cross-link densities, which can cause solvent-polymer 

crazing [35]. 

From many types of research, it was found that fabric type also had a change in the 

moisture rate and diffusion rate. In composites, although unidirectional composite laminates and 

fabric had the same resin volume ratio, fabric ones absorbed more moisture than the 

unidirectional composite laminates. 

2.7.2 Effects of Moisture on Physical and Mechanical Properties  
 

Due to the moisture absorption in the material, there will be a change in the polymer 

matrix, because of high interaction between the polymer chains and water molecules. Due to the 

moisture, the internal stresses will be developed in the material, which causes coupling in the 

matrix and fiber interface. Distribution of water in a composite, whether it be a matrix or at the 
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matrix and fiber interface, will cause a change in the physical, chemical, and mechanical 

properties of the material, such as material degradation. 

The material characteristics will be altered, due to the chemical aging, or hydrolysis, 

which may take place at the micro-molecular chain level. The moisture absorption in the material 

will cause the degradation of the matrix and fibers, cracking of the matrix, delamination of 

fibers, and hygrothermal expansion, which may cause the effects on mechanical and physical 

properties of the material. 

Basf Corp. [36] conducted research for determining the moisture effects of Nylon 6 

material. From the experimental results, they stated that absorbed moisture or water acted like a 

plasticizer, which changed the properties like strength, stiffness, temperature, and flexure. In this 

study, the samples were exposed to two methods to determine the moisture content. In these 

methods, the first method was to immerse the samples in water and condition the samples. 

Shi et al. [33] conducted research to study the moisture effects on glass laminated. After 

the samples curing process, the glass samples were conditioned by using accelerated condition 

and in water bath immersion (Figure 19). In this test, the Arrhenius equation was used to 

condition the diffusion coefficient. The water distributions were studied by using wet and dry 

samples. In these tests the samples were studied by using a Berkovich Nano-indenter. In these 

moisture tests, glass transition temperature, surface modulus and hardness, moisture content, and 

degradation tests were conducted.  
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Figure 18: Water distributions for (a) wet samples and (b) dry samples [33]. 

According to Basf Corp., a study conducted on Nylon 6 material tensile coupons were 

used for determining the moisture absorption. They stated that moisture content in the samples 

could be measured by using the weight gain in the samples and moisture analyzer by Karl-

Fischer. The moisture conditioning could be done by immersing the samples in the water and by 

using conditioning chamber. 

In this study, they stated that the moisture content can be concluded by using different 

ways: 

1. Material defects like voids, pinholes, porosity and damage in the material can 

affect the diffusion coefficient. 

2. The moisture equilibrium depends on the temperature and Humidity. 

3. Immersing the samples directly into the water may cause the degradation of the 

material. 

2.7.3 Accelerated Moisture Absorption Tests 
 

 Generally, at normal conditions, the moisture equilibrium conditioning takes a longer 

period of time, which may be months or even years. When the material was at equilibrium 

conditioning, the material chemistry changed, which caused the aging process, the material 
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degradation, and lifespan decrease at this stage. By considering all these problems, the material 

was accelerated and conditioned to determine the lifespan of the material. In accelerated 

conditioning, the material reached it equilibrium sixty times greater than the normal conditioned.   

 In accelerated conditioning, the moisture was controlled by using variable conditioning 

method. The specimens were conditioned using either high temperature or humidity. The main 

advantage of accelerated conditioning was that it could increase hygrothermal property of the 

material and decrease the mechanical properties. Figure 20 shows the Change of moisture 

content for Standard and accelerated conditioning in Quasi-isotropic laminated and random fiber 

composite. 

 

Figure 19: Change of moisture content for Standard and accelerated conditioning [3]. 

Pilli et al., stated the comparison between two fibers in standard and accelerated conditioning 

(Table 1), 
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Table 1: Difference between Standard Conditioning and Accelerated Condition [3] 

 

 

2.7.4 Moisture Prevention Methods 
 

Moisture played a significant role on the mechanical and physical properties of the 

composites. The water played an important role in the factors affecting the properties of the 

coatings. The rate of moisture absorption, transportation, and diffusion depended on the type of 

coating, environmental exposure, and nature of the coating. [1] Coatings were the main 

prevention methods for preventing moisture in the composite materials. Depending on the cost, 

environment, weight gain, applications, and engineering properties, a coating can be considered 

as the most alternative method to prevent moisture in the material. 

2.7.5 Moisture Ingression Tests 
 

According to ASTM D5229 standards [37], this standard was referenced for the moisture 

Ingression Tests. In this reference, the test coupons were cut from the composite panels and these 

coupons were conditioned. The weight of the coupons was monitored for the maximum of the 

three-day interval until the coupons reached the equilibrium weight. The equilibrium was the 

condition in the samples when it reached the average moisture content less than 0.05% for two 

readings, and this can be stated by using the following equation: 
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                                     (Wi – Wi-1)/Wb < 0.0005                                                      (2.15) 

Here Wi is final weight, Wi-1 was the initial weight, and Wb was the baseline weight 

depending on the conditioning. 

According to Erkan [1], the moisture Ingression tests can be conditioned by three samples 

using carbon, Kevlar and glass fiber composites, and the moisture gains can be calculated by 

comparing the initial weights to the final weights. By experimental data it can be stated that the 

moisture gains are approximately 1% for the glass, 1.5% for the carbon, and 2% for the Kevlar 

fiber-reinforced laminate composites and can be described by the following (Figure 21). 

 

Figure 20: The moisture gain for glass, carbon, and Kevlar in percentage [1] 
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CHAPTER 3 

MATERIALS AND METHODS 

 

3.1 EXPERIMENTAL APPROACH 

The materials were selected based on the application and the properties of the materials. 

Most engineering structures are based upon the interest of the material property, like strength and 

weight. All aircraft structures are designed based upon the strength to weight ratio. The main 

advantage of using fiber composites was that they provide high strength at low weight. 

 The main advantage of using fiber-reinforced composites was the high strength at low 

weight, as shown in the Figure 22 [38]. Figure shows the plot of strength and density; we have 

considered engineering composites because of their tensile strength per unit weight. 

 

Figure 21: Material selection [38] 

3.1.1 Composite Materials 
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Among all the materials Composites were considered because of their high stiffness, 

strength, and toughness. By considering composites, it meant the overall structure could be very 

lighter when compared to any material like metal, ceramics, etc. In airplanes and spacecraft, the 

main aim was to decrease the weight by increasing strength, so composites were considered for 

their weight critical conditions. As composites are the light-weight material, the usage in aircraft 

industry is increasing worldwide. The commonly used fiber-reinforced composites in aircraft 

industries are carbon, glass and Kevlar. Figure 23 states the Composite structure usage in aircraft 

industries. 

 

Figure 22: Composite structure usage in aircraft industries. 

 

3.1.1.1 Carbon Fiber reinforced composite 
 

Carbon fibers are the most common type fibers used in the composites, due to their high 

tensile to weight ratio and very low coefficient of thermal expansion, high thermal conductivity, 

and high strength and fatigue. Carbon fibers are expensive and they are only used in aerospace 

industries to save the material weight. The main disadvantage of carbon fibers was low impact 
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resistance, and electrical conductivity was very high. Carbon fibers constitute of amorphous 

carbon and graphite carbon. There were several advantages of using carbon fiber-reinforced 

composites:  they have a high strength-to-weight ratio, high stiffness, corrosion and fatigue 

resistant, tailored material properties, and energy absorption on impact. 

3.1.1.2 Glass Fiber Reinforced Composites 
 

Glass fibers are the most common of all reinforcing fibers and there are two types of glass—

fibers E-glass and S-glass—being commonly used. In the presence of water or in sustained loads, 

the tensile strength of glass fibers was reduced. The main advantages of using glass fibers were a 

high tensile strength, lightweight, thermal conductivity, relatively cheap, moisture and chemical 

resistance, and excellent insulating properties. 

3.1.1.3 Kevlar Fiber Reinforced Composites 
 
 Kevlar fibers are mainly used in marine and aerospace applications as reinforcement 

because of their properties, like high tensile strength, lightweight, and high resistance. The main 

advantage of Kevlar fiber-reinforced composites, when compared to carbon and glass fibers, 

were their low compressive strength. Kevlar fiber-reinforced composites had difficulty in cutting 

or machining because of repeating unit in their molecules and an aromatic ring. The aromatic 

ring present in the Kevlar gave high modulus, high chemical and thermal stability. 

3.1.2 Superhydrophobic Coatings 
 

Moisture Ingression was considered a huge problem on fiber-reinforced composites, as 

moisture ingression created the reduction in the mechanical strength and the increase in the 

weight gain of the mechanical structures, which created a large problem when considered in 

aerospace industries. To reduce the moisture in the composite structures, the composite coupons 
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were coated by using the superhydrophobic coatings. By coating the coupons with 

superhydrophobic coatings, the service life of the material increased and the material exhibited 

certain properties, like anti-wetting, anti-corrosion, self-cleaning, and repellency. 

For coating the composite panels, Ultra-Ever Dry coatings were used. This 

superhydrophobic coating consisted of two coats:  bottom coat and top coat.  (Figure 24).The 

main advantage of using bottom coat was to change the material into hydrophilic and it is the 

base coat. After coating the coupons by using the bottom coat, it took approximately half an hour 

to dry completely. Later, the top coat was applied on the material on which the bottom coat was 

applied. The main advantage of using top coat was that the material changed its properties from 

Hydrophilic (bottom coat) to superhydrophobic.  

 

Figure 23: Superhydrophobic coatings used on composite coupons 

 

3.2 Equipment’s Used 
 

3.2.1 Preval Spray Gun 
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       The Preval spray gun is a removable, refillable, and replaceable container that offers 

a professional-grade spray stream for virtually any surface.  This sprayer consists of a 

sprayer unit, glass bottle, and long dip tube. The coats can be sprayed by using the glass 

bottle in which the coat is filled, and the dip tube is pressure inbuilt, which helps to spray 

the coats with high pressure. It was designed with a patented venture vacuum process (50 

psi) that pulls liquid from the container, and then delivers a professional-grade stream 

that can also be used for a variety of paints or liquid products.  Figure 25 shows the 

Preval Spray gun used to spray superhydrophobic coatings on the composites. 

 

Figure 24: Preval spray gun used to spray superhydrophobic coatings on the samples 

 

3.2.2 Weighing Scale 
 

The weighing scale can be used to measure the weight of the fiber composites of carbon, 

Kevlar, and glass before immersing the samples in  

Deionized water. The weighing scale used to measure the weights was a high precision scale, 

which was manufactured by Mettler Toledo XS 64 (Figure 26). The accuracy of the scale was 

1/1000th-gram ensuring accurate measurements.  This weighing scale used a closed structure of 
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glass slides, reducing the turbulences or disturbances in the weighing chamber. Mettler Toledo 

XS64 had a smart grid weighing pan to ensure the secure placement of the tare vessels. The 

smart grid used on the weighing scale allowed the grid to permit the accurate measurements and 

reduce the stabilization time. 

 

Figure 25: Weighing Scale or Analytical Balance 

 

3.2.3 Digital Micrometer 
 

The digital micrometer was used to test the thickness of coating samples before the coat 

and after the coat. The digital micrometer used was Mitutoyo 293-725 Digimatic Micrometer 

(Figure 27). The main objective of using micrometer was to measure the thickness of coating on 

each specimen after spraying, to check the uniform thickness of the coating, and, after the 

samples were immersed in DI water, to measure the same thickness to determine if thickness had 

increased or decreased. 
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Figure 26: Digital Micrometer used to test the thickness of coating 

 

3.2.4 UV Chamber 
 

    The UV chamber was used to test the samples’ exposure to UV light and weathering 

conditions of the samples in the environmental conditions, which are the major causes of the 

damage to coatings and other organic materials. The QUV-accelerated weathering cabinet was 

used to reproduce the UV light necessary to simulate the damaging effect of sunlight. It 

simulated solar radiation by using UVA-340 lamps, which only produced the ultraviolet part of 

the light spectrum. Figure 28 shows the UV chamber used to test the superhydrophobic coatings 

of Carbon, Glass, and Kevlar. 

 

Figure 27: UV chamber used to test the superhydrophobic coatings of Carbon, Glass, and Kevlar. 
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3.2.5 Fourier Transform Infrared (FTIR) Spectrometer 
 

      A Fourier Transform Infrared Spectrometer analysis was carried out on the samples to check 

the mechanisms of the carbon, Kevlar, and glass for the surface characterization of the 

superhydrophobic coated and non-coated samples. The FTIR instrument employed was the 

thermal Nicolet Magna 850 R spectrometer (Figure 29). The FTIR analysis were used to 

understand the surface characterization, which identifies the chemical compounds present in the 

coatings. FTIR analyzes the types of bonds present in the structure by identifying the molecules 

by creating an Infrared absorption spectrum. The main purpose of the FTIR was to detect the 

functional groups present in the coatings and identifying the chemical bonds. 

 

Figure 28: Composites coupon used to perform FTIR studies 

 

3.2.6 Optical Contact Angle Goniometer 
 

      In this research, an optical water contact angle goniometer was used to study the surface 

integrity of the coating. The goniometer measured high and low water contact angles; a high 
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contact angle indicated a hydrophobic surface, and a low contact angle indicated a porous, 

wettable surface or hydrophilic surface. The model used was the Model CAM 100 from KSV 

Instruments Limited (Figure 30). The CAM 100 consisted of a compact CCD camera used to 

measure the contact angles of liquids on solids; it came with shape analysis software to ensure 

that the measurements are error-free and user-independent.  

 

Figure 29: Optical Water Contact Angle Goniometer 

 

The Cam 100 contact angle goniometer was designed for education, industrial, and R&D 

applications. As seen in Figure, the CAM 100 contact angle meters can display the profile of the 

liquid on the surface through its integrated built-in camera and software interface. 

3.2.7 Thelco Laboratory Oven 
 

For heat treating the samples after spraying, the samples were heated in the oven at 

different temperatures; the oven used was Precision Scientific Thelco Laboratory Oven (Figure 

31) , which was tested according to ASTM guidelines and which had a built-in digital 
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temperature to set and read the temperature on the display, timer, and interior light, and had thick 

insulation for controlling the temperature uniformly.  

 

Figure 30: Laboratory oven used to heat treatment for composite samples 

 

3.3 EXPERIMENTAL METHODS 
 

3.3.1 Manufacturing of Composites  
 

 For the manufacturing of composites, three Prepreg of carbon, glass, and Kevlar for the 

required size were taken from the refrigerator, allowing the Prepreg at least one hour at room 

temperature before the lay-up was done. The backing cloth of the Prepreg was removed before 

the fibers were laid up on the top of the mold. Depending upon the required thickness and 

orientation, each sheet was arranged layer by layer. After every sheet was laid up, the rollers 

were used for the uniform distribution and for no air gaps between the fibers. After the prepregs 

were laid up, for curing the Prepreg, heat and pressure were required.  
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For curing the Prepreg, vacuum bagging was used. Vacuum bagging was a process 

applied to create a mechanical pressure on a composite laminate. The main advantage of this 

process was that it trapped the air present between the fibers and reduced humidity. For vacuum 

bagging the elements, which were like a bag to hold the vacuum, bleeder, or the breather cloth, 

thereby absorbing the excess resin and bleeder material, helped in distributing the vacuum evenly 

within the bag and the peel ply so the bag didn’t stick to the part used. A vacuum gauge was 

installed into the bag, as the bag contained the mold and laminate. If the laminate was small, a 

tube type polyethylene bag could be inserted, the vacuum coupling could be fitted, and all the 

ends sealed by using the sealant tape.  

For composite Prepreg, the average curing cycle was done by using an autoclave. An 

autoclave is an equipment which has all the controls of temperature and pressure. For Prepreg, 

the heat requirement could also be done by using the oven in order to control the temperature 

ramp up, ramp down, and controlling room temperature for recommended time. Figure 32 

illustrates the schematic representation of vacuum bag system  

 

Figure 31: Schematic representation of vacuum bag system 
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Figure 32: Vacuum bagging for composite Prepreg 

 

After the lay-up was completed layer by layer, the vacuum bag was built and sealed by 

using sealants, and the heat cycle could be started by pulling the vacuum. There were three 

recommended cycle for Prepregs, and after the panel was ready the panel could be kept into the 

oven. Figure 32 explains the vacuum bagging for composite Prepreg  

The below curing cycle was considered for the Prepreg curing cycles (Figure 33) for 

carbon, glass, and Kevlar. All curing cycles started with a temperature ramp up and ended with 

temperature ramp down. Figure 34 shows the Industrial oven used for curing cycle in 

manufacturing of composites. 
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Figure 33: Curing cycle for the composite Prepreg 

 

 

Figure 34: Industrial oven used for curing cycle 

After the part was allowed to cool to room temperature, the vacuum bagging materials 

were removed and the part was released from the mold. While heating, we needed to consider the 
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mass and conductivity of the mold. There were also several considerations for determining the 

time and amount of heat used. 

After preparing the composite panels by using Prepregs of Kevlar, carbon, and glass, the 

composite panels were machined by using NC Programming and the composite coupons were 

prepared. The composite coupons were machined by the required dimension of 2.5x2.5x0.2 cm. 

The coupons were then collected and used for moisture ingression tests. Figure 35 shows the 

Composite Materials used in the research. 

 

Figure 35: Composite Materials. 

3.3.2 Superhydrophobic Coatings to Determine Moisture Ingression 
 

 To determine the effects of superhydrophobicity by using moisture ingression tests on 

composites, three different types of tests were performed. 

1. Vacuuming or dipping and drying at room temperature. 

2. Spraying 

3. Heat treatment at room temperature, 60°C, 90°C and 120°C. 
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3.3.3 Dipping 
 

This method had several applications of coating materials or required a uniform coating 

on the surface. Composite samples of carbon, Kevlar, and glass fiber-laminated composites; each 

three samples were taken, and superhydrophobic coatings of bottom coat were taken in the 

vacuum and allowed some pressure by monitoring the pressure gauge. The samples were dipped 

in the bottom coat and later allowed some time to dry. The same procedure was followed for the 

top coat. Afterwards the samples were dipped in the superhydrophobic coatings for 15 minutes 

and vacuumed for an additional 15 minutes by using the pressure vacuum at 25 in Hg, The 

excess coating material was allowed to drain from the samples by using the pressure gauge, and 

it was then allowed to dry in order to test the samples. In dipping, each three samples were used 

for no coat, bottom coat, and bottom + top coat. 

3.3.4 Spraying 
 

By spraying the coats on to the composite surfaces, the coat was thinner and more 

uniform than the coats applied by using dipping. The superhydrophobic coatings were sprayed 

by using the Preval sprayer guns; in spraying, first the composite surface was cleaned, and three 

samples of each Kevlar, carbon, and glass fiber-laminated composites were taken. At first, the 

bottom coat was sprayed on all sides of the samples, allowing them to dry, and later the top coat 

was coated on the samples. In spraying, each three samples were used for no coat, bottom coat, 

and bottom + top coat. 

3.3.5 Heat Treatment  
 

 Fiber-laminated composites of carbon, Kevlar, and glass—each of twelve samples were 

taken and sprayed by using bottom coat and then allowed to dry. After the samples were dried, 
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the top coat was sprayed and allowed to dry. After the bottom and top coats, the three samples of 

each were heat treated at room temperature, 60°C, 90°C, and 120°C, allowing the oven to reach 

the room temperature (Figure 36) for each sample at different temperatures. The heat treated 

samples were no coat samples and bottom + top coat samples.  

 

Figure 36: Heat treating the Composite samples in the oven 

 After applying the bottom and top coats using superhydrophobic coatings, the samples 

were allowed to dry for the required time. After the bottom coat, the minimum time taken for the 

samples to dry was half an hour, and after the top coat was coated, the minimum time taken to 

dry the top coat was at least one hour. Before immersing the samples in the deionized water, all 

the samples weight, thickness, and contact angles had to be measured. 

In superhydrophobic surfaces, two coats were used for coating the composite structures. 

The bottom coat was applied on the surface to change it into hydrophilic, thus acting as the base 

coat. The top coat was applied on the surface of a bottom coat to change the hydrophilic surface 

into the hydrophobic surface.  
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Figure 37: Composite samples of carbon, Kevlar, and glass (with No Coat) 

To measure the difference between no coat composite samples and coated composite 

samples, the samples were allowed to immerse in the DI water until they reached the moisture 

equilibrium, taking 30-40 days, and on alternate days the samples were cleaned, the moisture in 

the composites were whipped by using a soft tissue paper, and the samples were weighed.  

Figures 37, 38 and 39  shows the composite panels of carbon, Kevlar and glass fiber composites 

with no coat, bottom coat and bottom + top coat immersed in DI water. 
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Figure 38: Composite samples of Kevlar, carbon, and glass with the bottom coat. 

 

Figure 39: Composite samples of Kevlar, carbon, and glass with the bottom and top coat. 

 

After weighing the samples using precision digital balance, the samples were dropped 

into the same DI water again. For each test, an average of the samples was taken and the contact 

angles were measured at each stage. 
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3.4 Surface Characterization 
 

 The superhydrophobic coatings were characterized by using water contact angle 

measurements for all the carbon, Kevlar, and glass samples. Fourier Transform Infrared 

Spectrometer Analysis and UV chamber tests were used to characterize the surface properties of 

superhydrophobic surfaces. 

3.4.1 Contact Angle Measurements 
 

 The water contact angle was an important factor in determining the surface 

hydrophobicity of the composite coupons since the water diffusion into the laminate composites 

was directly related to the surface hydrophobicity of the composites. Contact angle 

measurements were done for all the coupons of carbon, Kevlar, and glass fiber composites to 

determine the nature of the surface (Figure 40). Contact angles were done for the non-coated 

samples, bottom coat samples, and bottom + top coat samples, to determine the contact angle of 

the surface. 

 

Figure 40: Contact angle measurement devices used to measure the contact angle values.  
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3.4.2 UV Chamber  
 

 All the samples of carbon, Kevlar, and glass underwent light exposure and weathering 

conditions as the major cause of damage to coatings and other organic materials, caused when 

the material was exposed to UV light. All the samples underwent the contact angle test before 

being exposed to the UV light in the chamber for three hours. Later the samples were collected 

from the UV chamber and the contact angles were tested again on the samples to observe 

whether the coating properties were damaged by the UV exposure.  

3.4.3 FTIR Analysis 
 

 An FTIR analysis was carried out on the fiber composites to examine the mechanism of 

degradation of the superhydrophobic coating with different percentages and an FTIR analysis 

was done for the samples of non-coated and bottom + top coated. An IR spectrum was based 

upon the factors of compounds, such as photoconductivity, emission, absorption, and scattering. 

The main purpose of this analysis was to measure how much light was absorbed by the 

compounds at different wavelengths and the type of bonds for the compound at a specific 

wavelength of lights. Infrared light spectrum allowed the vibrational excitation of bond in the 

molecules.  The % transmittance was the percentage of IR emitted that actually passed through 

the sample. Figure 41  shows the FTIR Analysis on the superhydrophobic coated composites    
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Figure 41: FTIR Analysis on the superhydrophobic coated composites 

 

From the FTIR Analysis of Superhydrophobic Coatings [39], there was a presence of 

carbon and fluorine, and also silica bonds. Thus, it states that functionalization of silica 

nanoparticles with the fluorinated groups had been confirmed by Fourier Transform Infrared 

Spectroscopy, stating the presence of C-F and Si-O-Si bonds in the superhydrophobic coatings. 
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 CHAPTER 4 

RESULTS AND DISCUSSIONS 
 

4.1 Contact Angle Studies 
 

 Contact angle tests were performed on the samples of laminated fiber composites before 

coating the samples with superhydrophobic coatings. The wettability property of a material was a 

quantifiable characteristic, which indicated a particular solidity or substrate surface’s capacity for 

adhesion or repellence. Repellence properties can be quantified through the measurement of the 

contact angle of the surfaces. 

 Molecules that are not attracted to water and repel when water is dropped on the material 

are called hydrophobic. Hydrophobicity of the material depends on the polarity of molecules. 

When molecules are separated using electrical charges, multiple moments are established, which 

leads to the property called polarity. Water is described as a polar molecule as it shares its 

electrons with atoms which are not equal. 

Contact angle (θ) was the angle which was formed by the liquid, in which the liquid and a 

solid intersect in a gas atmosphere at a triple point (solid-liquid-gas) [40]. It quantified wetting 

characteristics of the solid by the liquid [41]. Lower contact angle indicated the material had 

better wetting properties and stronger bonding. When the θ was higher than 90º, the solid was 

described as a non-wetting material and 0º angle represents complete wetting. Hydrophobic 

surfaces where the contact angle was between 90 and 150º had low surface energies.  

For measuring the contact angle on the composite samples CAM 100 (KSV Instruments 

Ltd.) was used. The CAM 100 Contact Angle device had a compact CCD camera, which was 

used to record the images of the sample and measured the contact angles of samples placed on 

the platform. After the samples were placed on the platform, a drop of water was placed on the 
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surface through the use of a syringe needle. After the liquid droplet formed on the composite 

surfaces, a photograph was taken and imaged for the contact angle measurements. The software 

used a Young-Dupree equation to automatically determine the water contact angle. To measure 

the contact angle, it used the Drop shape analysis software, which provided the user independent 

and robust error-free measurements with reproducible results. 

 Contact angle measurements were tested on the samples of carbon, glass, and Kevlar 

before coating the surface. After coating the surface with the bottom coat, the contact angle was 

measured, and after coating the samples with the bottom + top coat the samples contact angles 

were measured. 

 
  

 

Figure 42: Contact angle results for non-coated laminated fiber composites 

From the Figure 42, the contact angle measurement, it clearly depicted that the material 

had a contact angle of 90° as an average mean, thus stating that the surface had hydrophobic 

property. This material was coated with the bottom coat of the superhydrophobic coating, and the 

results are described in the Figure below. 
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Figure 43: Contact Angle measurements for bottom coat of superhydrophobic surface 

From Figure 43, the contact angle for the bottom coat samples showed an average of 70°, 

meaning the material had changed from the hydrophobic structure to the hydrophilic structure. 

From no coat and bottom coat, the angle had changed from 90° to 70°, and from the results of the 

bottom coat, it can be observed that the material has changed from high surface energy to low 

surface energy. The lesser the surface energy, the fewer the interactions that could be taken 

between the molecules. 

  

Figure 44: Contact angle measurements for bottom coat of superhydrophobic surface 
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After coating the samples with superhydrophobic coatings top coat on the samples of the 

bottom coat, the contact angle was measured and the report was generated by the CAM 100.  

From Figure 44, the contact angle for the top coat was generated on an average of 155°, stating 

that the material was superhydrophobic surface. Hydrophobic surfaces which have a contact 

angle between 90° and 150° had low surface energies, as seen in the case of non-coated samples. 

The surface energy can be quantified by using contact angle and can be defined as excess energy 

on the surface, which consists of molecules that are not bonded completely compared to the bulk 

material. 

 

4.2 Moisture Ingression Test Results 
 

 The laminated fiber composites were prepared with the dimensions of 2.5x2.5x0.2 cm 

dimensions. After the samples were prepared the samples were marked for identifying the 

sample number and later the samples were neatly cleaned and all the sides of the composites 

were coated using superhydrophobic coatings. The bottom coat was coated on the samples at 

first, and the samples were dried for the required time. After the samples were dried, the contact 

angle and the thickness were measured, and the top coat was coated on the samples on all sides 

of the coupons and allowed to dry for few hours.  

 Moisture absorption on the samples were tested until the composites reached their 

moisture equilibrium, which varied from 30 days to 60 days at room temperature. For studying 

the moisture absorption in the samples, all the sample weights were weighed before being 

immersed in Deionized water. For studying the difference between non-coated and 

superhydrophobic coatings the samples were weighed and also conditioned until they reached the 

moisture equilibrium. 
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 For determining the moisture absorption, the samples weight of the dry specimen, weight 

of wet specimens were taken from 0 to 30 days. The sample results were calculated by using 

Excel sheets and the moisture diffusion formulas were applied to determine the moisture rate in 

the samples. 

 

For calculating the moisture absorption rate, the above formula was used and the graphs were 

plotted as a number of days vs. moisture absorption. 

4.2.1 Dipping Results 
 

 In the dipping procedure, the samples were dipped in the coatings of the bottom coat and 

top coat and later the samples were vacuumed for an additional fifteen minutes under the 

pressure at 25 in Hg. Before the samples were immersed in DI water, the samples weights were 

measured by using a weighing scale or analytical balance, up to a milligram, 0.0001. The 

samples of no coat, bottom coat, and bottom + top coat were immersed in DI water after taking 

the contact angles and measuring thickness. 

 Before immersing the samples in DI water, the contact angle of carbon, Kevlar, and glass 

fiber composite samples were tested. The contact angles for no coat were 90o, 96 o, and 99 o; for 

bottom coat they were 70 o, 64 o, and 73 o; and the bottom + top coat angles were 155 o, 162 o, and 

158 o, respectively. The thickness of no coat sample were 3.166mm, 4.380mm, and 6.377mm; the 

bottom coat’s was 3.184mm, 4.520mm, and 6.392mm and bottom + top coatwas3.283mm, 

4.726mm and 6.399mm. 
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For the calculations of moisture absorptions in the composite coupons, refer  

APPENDICES for the values and calculations. 

Table 2: Moisture Absorption and standard deviation of carbon fiber composite for no coat, 
bottom and bottom + top coat in dipping process.  

Carbon fiber composite (dipping) 

 
Moisture absorption (%) Standard deviation 

days 
No 

coat Bottom Bottom + top No coat bottom Bottom + top 

0 0 0 0 0.01 0.042 0.042 

5 0.031 0.052 0.860 0.015 0.043 0.041 

10 0.041 0.0731 1.254 0.015 0.042 0.039 

15 0.062 0.14 1.14 0.0153 0.043 0.037 

20 0.062 0.146 1.31 0.015 0.043 0.034 

25 0.083 0.146 1.46 0.0159 0.0439 0.0361 

 

 

Figure 45: Moisture Absorption Results of dipping process in No coat, bottom coat, bottom + top 

coat graphs and results of carbon fiber composite  

 

Figure 45 shows the moisture gains and moisture equilibrium of carbon fiber composite 

in DI water as a function of the immersion time. As in the Figure, the carbon composite coupons 
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reached the moisture equilibrium within 25 days. The results as shown in the Figure state that the 

moisture absorbed in the bottom + top coat was high compared to the no-coat samples and 

bottom coat samples, which means the weight gain was more in the superhydrophobic coated 

samples than the other alternatives. These test results reveal that the carbon composite dipping 

process did not work in the case of superhydrophobic coatings in which it absorbed the moisture 

of 1.4% when compared to the moisture gain of 0.08% and 0.14% in the case of non-coated 

samples and bottom coated samples. 

 

Table 3: Moisture absorption and standard deviation of Kevlar fiber composite for no coat, 
bottom and bottom + top coat in dipping Process.  

Kevlar fiber composite (dipping) 

  Moisture Absorption (%) Standard Deviation 

No. 
of 
days  No coat Bottom Bottom + top  No coat Bottom Bottom + top 

0 0 0 0 0.086 0.124 0.053 

5 1.266 0.627 0.363 0.083 0.128 0.051 

10 1.682 1.10 0.552 0.081 0.129 0.052 

15 2.352 1.48 0.951 0.077 0.129 0.053 

20 2.614 1.89 1.349 0.077 0.132 0.054 

25 2.958 2.11 1.557 0.077 0.134 0.054 



66 
 

 

Figure 46: Moisture Absorption Results of dipping process in no coat, bottom coat, 

bottom + top coat graphs and results of Kevlar fiber composite  

 Figure 46 shows the moisture gains and moisture equilibrium of the Kevlar fiber 

composites in DI water as a function of immersion time. As seen in the Figure, the composites 

reached their equilibrium in 25 days, and the results show that the moisture absorbed in bottom + 

top coat and bottom coat was far less than that in the no-coat samples, indicating that the 

superhydrophobic coatings had absorbed less moisture—1.5%, whereas the bottom coat moisture 

was 2.1% and the no coat samples was 2.9%. The test results of Kevlar fiber composites revealed 

that superhydrophobic coatings absorbed much less moisture than the alternatives. 

 

  

-0.5

0

0.5

1

1.5

2

2.5

3

3.5

0 5 1 0 1 5 2 0 2 5 3 0

M
O

IS
TU

R
E 

A
B

SO
R

P
TI

O
N

(%
)

NUMBER OF DAYS

KEVLAR FIBER COMPOSITE

No coat Bottom coat Bottom+top coat



67 
 

Table 4: Moisture Absorption and standard deviation of Glass fiber composite for no coat, 

bottom and Bottom + top coat in dipping Process.  

Glass fiber composite(dipping) 

  Moisture Absorption (%) Standard Deviation 

No.of 
days No coat  Bottom Bottom + top coat  No coat Bottom Bottom+ top 

0 0 0 0 0.0190 0.0036 0.0320 

5 0.0039 0.0118 0.0039 0.0196 0.0036 0.0314 

10 0.0118 0.0118 0.00393 0.0190 0.0036 0.0314 

15 0.0197 0.0315 0.00786 0.0194 0.0041 0.0316 

20 0.0197 0.0315 0.01967 0.0194 0.0041 0.0316 

25 0.0197 0.0315 0.01967 0.0194 0.0041 0.0316 

 

 

 

Figure 47: Moisture Absorption Results of dipping process in No coat, bottom coat, bottom + top 

coat Graphs and results of Glass fiber composite  
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Figure 47 shows the moisture gains and moisture equilibrium of the glass fiber 

composites in DI water as a function of immersion time. As seen in the Figure, the composites 

reached their equilibrium in 25 days, and the results show that the moisture absorbed in bottom + 

top coat was much less than that in the no coat samples. This means that the superhydrophobic 

coatings had absorbed less moisture—0.0196%, whereas the bottom coat moisture was 0.03% 

and the no coat samples’ moisture was 0.01979%. The test results of glass fiber composites 

revealed that superhydrophobic coatings absorbed much less moisture than the alternatives. 

After the moisture equilibrium was reached the contact angle was tested for the no coat, 

bottom coat, bottom + top coat samples, which revealed that the contact angle was the same 

before immersing the samples in DI water. This indicates that the superhydrophobic coating 

properties were not affected and even the samples had gained the moisture weight in the 

coupons. The thickness had slightly affected the no-coat samples as 3.169mm, 4.388mm, and 

6.382mm; the bottom coat was3.186mm, 4.529mm, and 6.390mm; and the bottom + top coat 

was 3.285mm, 4.730mm, and 6.402mm. 

4.2.2 Spraying Results 
 

In the spraying procedure, the samples were sprayed by using the Preval sprayer gun with 

a uniform thickness on all sides of the samples with the coatings of the bottom coat and top coat, 

and later the samples were dried for the required time. Before the samples were immersed in DI 

water, the samples weights were measured by using a weighing scale or analytical balance, 

which may be near a milligram, 0.0001. The samples of no coat, bottom coat, and bottom + top 

coat were immersed in DI water after taking the contact angles and measuring thickness. 
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 Before immersing the samples in DI water, the contact angle of carbon, Kevlar, and glass 

fiber composite samples was tested. The contact angles for no coat were 88o, 93 o, and 86 o; the 

bottom coat was 63 o, 61 o, and 68 o; and the bottom + top coat was 160 o, 158 o, and 152 o, 

respectively. The thickness of the no-coat samples were 3.166mm, 4.380mm, and 6.377mm; the 

bottom coat samples were 3.180mm, 4.516mm, and 6.390mm; and the bottom + top coat 

samples were 3.286mm, 4.736mm, and 6.420mm. 

 For calculating the moisture absorption rate, the moisture diffusivity was used and the 

graphs were plotted as number of days vs. moisture absorption. For the calculations of moisture 

absorptions in the composite coupons, refer to the Appendix for the values and calculations. 

 

Table 5: Moisture Absorption and standard deviation of carbon fiber composite for no coat, 

bottom and Bottom + top coat in spraying Process. 

Carbon fiber composite (spraying) 

  Moisture absorption (%) Standard deviation 

Days  No coat Bottom Bottom +top No coat Bottom Bottom + top 

0 0 0 0 0.036 0.030 0.009 

5 0.0211 0.072 0.041 0.037 0.030 0.010 

10 0.05 0.082 0.0619 0.037 0.030 0.011 

15 0.084 0.11 0.0729 0.037 0.030 0.010 

20 0.097 0.165 0.082 0.036 0.029 0.011 

25 0.10 0.186 0.082 0.037 0.030 0.011 

30 0.11 0.186 0.061 0.037 0.030 0.012 

35 0.116 0.206 0.020 0.037 0.030 0.011 



70 
 

 

 

Figure 48: Moisture Absorption Results of spraying process in no coat, bottom coat, bottom + 

top coat graphs and results of carbon fiber composite  

The Figure 48 shows the moisture gains and moisture equilibrium of carbon fiber 

composite in DI water as a function of the immersion time. As in Figure 48, the carbon 

composite coupons reached the moisture equilibrium within 35 days. The results as shown in the 

Figure state that the moisture absorbed in the bottom + top coat was less compared to the bottom 

coat samples and no coat samples, which means the weight gain was much less in the 

superhydrophobic coated samples than the no coat samples and bottom coat.  These test results 

reveal that the carbon composite spraying process worked when compared to the dipping process 

in the case of superhydrophobic coatings, in which it absorbed the moisture of 0.02% (compared 
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to the moisture gain of 0.11% and 0.20% in case of non-coated samples and bottom coated 

samples). 

Table 6: Moisture absorption and standard deviation of Kevlar fiber composite for no coat, 

bottom and bottom + top coat in spraying Process. 

Kevlar fiber composite (spraying) 

  Moisture Absorption (%) Standard deviation 

No. of days  No coat Bottom Bottom + top No coat Bottom bottom + top 

0 0 0 0 0.21 0.11 0.149 

5 0.93 0.89 0.666 0.20 0.10 0.140 

10 1.421 1.18 0.941 0.205 0.10 0.140 

15 2.08 1.67 1.341 0.205 0.10 0.1404 

20 2.34 1.85 1.537 0.203 0.103 0.14 

25 2.49 2.168 1.732 0.205 0.101 0.14 

30 2.62 2.34 2.070 0.207 0.101 0.141 

35 3.043 2.682 2.301 0.206 0.100 0.143 

 

 

Figure 49: Moisture Absorption Results of Spraying process in no coat, bottom coat and bottom 

+ top coat Graphs and results of Kevlar fiber composite  
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 The Figure 49, shows the moisture gains and moisture equilibrium of the Kevlar fiber 

composites in DI water as a function of immersion time. As seen in the Figure, the composites 

reached their equilibrium in 35 days, the results show that the moisture absorbed in bottom + top 

coat was less compared to the no coat and bottom coat samples, which means that the 

superhydrophobic coatings had absorbed less moisture—2.3%, whereas the bottom coat moisture 

was 2.6% and the no coat moisture was 3.0%. The test results of Kevlar fiber composites 

revealed that superhydrophobic coatings absorbed less moisture than other alternatives. 

 When compared to the dipping process, the Kevlar fiber composites bottom + top coat 

samples had gained moisture gain, but both dipping and spraying results reveal that Kevlar fiber 

composites absorbed less moisture when coated with superhydrophobic surfaces than those of 

the bottom coat and non-coated samples. 

Table 7: Moisture Absorption and standard deviation of Kevlar fiber composite for no coat, 

bottom and Bottom + top coat in spraying Process. 

 

Glass fiber composite (spraying) 

  Moisture Absorption (%) Standard Deviation 

No. of days  No coat Bottom Bottom + top No coat Bottom Bottom + top 

0 0 0 0 0.04 0.0208 0.039 

5 0.007 0.039 0.0078 0.04 0.020 0.040 

10 0.003 0.035 0.0117 0.04 0.0200 0.040 

15 0.011 0.05 0.019 0.04 0.020 0.040 

20 0.015 0.058 0.023 0.04 0.0208 0.039 

25 0.019 0.062 0.027 0.046 0.0212 0.040 

30 0.01 0.066 0.027 0.0462 0.0206 0.040 

35 0.059 0.070 0.019 0.042 0.021 0.041 
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Figure 50: Moisture Absorption Results of Spraying process in no coat, bottom coat, bottom + 

top coat graphs and results of glass fiber composite  

Figure 50 shows the moisture gains and moisture equilibrium of the glass fiber 

composites in DI water as a function of immersion time. As seen in the Figure, the composites 

reached their equilibrium in 35 days, and the results show that the moisture absorbed in bottom + 

top coat was much less compared to the no coat samples and bottom coat samples, which means 

that the superhydrophobic coatings had absorbed less moisture—0.01%, bottom coat moisture 

was 0.07%,  and the no coat samples had moisture of 0.05%. The test results of glass fiber 

composites revealed that superhydrophobic coatings absorbed less moisture than the alternatives. 

After the moisture equilibrium was reached the contact angle was tested for the no coat, 

bottom coat, bottom + top coat samples, which revealed that the contact angle was the same 

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

0.12

0 5 10 15 20 25 30 35 40M
O

IS
TU

R
E 

A
B

SO
R

P
TI

O
N

 (
%

)

NUMBER OF DAYS

GLASS FIBER COMPOSITE

no coat bottom coat bottom+top



74 
 

before immersing the samples in DI water, which means the superhydrophobic coating properties 

were not affected; even the samples had gained the moisture weight in the coupons. The 

thickness had slightly affected the no coat samples as 3.169mm, 4.388mm, and 6.382mm; the 

bottom coat was 3.188mm, 4.520mm, and 6.398mm; and bottom + top coat was 3.288mm, 

4.739mm, and 6.410mm. 

4.2.3 Heat Treatment Results 
 

In the heat treatment procedure, the samples were sprayed by using the Preval sprayer 

gun with a uniform thickness on all sides of the samples with the coatings of the bottom coat and 

top coat, and later the samples were dried for the required time. After the samples were dried the 

samples underwent heat treatment at a different temperature at room temperature, 60o, 90o, and 

120o. For heat treatment, the laboratory oven was used, and the samples were set to the 

temperature until they reached the required temperature and heated for two hours. After two 

hours of heat treatment, the samples were cured in the oven until they reached room temperature. 

Before the samples were immersed in DI water, the samples weights were measured by using a 

weighing scale or analytical balance, up to a milligram, 0.0001. The samples of no coat, bottom 

coat, and bottom + top coat were immersed in DI water after taking the contact angles and 

measuring thickness. 

 Before immersing the samples in DI water, the contact angle of carbon, Kevlar, and glass 

fiber composite sample was tested. The contact angles for no coat were 83o, 91 o, 88 o and the 

bottom + top coat was 157 o, 160 o, and 154 o, respectively. The thickness of the no coat samples 

were 3.166mm, 4.380mm, and 6.377mm, and the bottom + top coat were 3.280mm, 4.576mm, 

and 6.423mm. 
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For calculating the moisture absorption rate, the moisture diffusivity was used and the 

graphs were plotted as a number of days vs. moisture absorption. For the calculations of moisture 

absorptions in the composite coupons, refer to the Appendix for the values and calculations. 

Table 8: Moisture Absorption rate of carbon fiber composite (no coat) at different temperatures 

Carbon fiber composite (No coat with heat treatment) 

  Moisture absorption for different temperatures Standard Deviation 

No.of 
days At 22°C At 60°C At  90°C At 120°C At 22°C At 60°C At  90°C 

At 
120°C 

0 0 0 0 0 0.036 0.060 0.017 0.02 

2 0.042 0.04 0.10 0.116 0.036 0.059 0.016 0.026 

4 0.052 0.07 0.14 0.13 0.036 0.059 0.016 0.026 

6 0.084 0.09 0.16 0.148 0.036 0.060 0.016 0.026 

8 0.084 0.11 0.18 0.159 0.036 0.061 0.017 0.025 

10 0.115 0.11 0.20 0.180 0.036 0.061 0.01 0.026 

12 0.115 0.11 0.20 0.190 0.036 0.061 0.01 0.026 

14 0.115 0.13 0.21 0.1908 0.036 0.060 0.01 0.02 

16 0.137 0.13 0.210 0.2014 0.036 0.0601 0.01 0.026 

18 0.137 0.150 0.210 0.2014 0.036 0.061 0.01 0.026 

20 0.137 0.161 0.23 0.222 0.0364 0.0614 0.01 0.026 

22 0.137 0.182 0.25 0.243 0.036 0.061 0.01 0.026 

24 0.147 0.193 0.27 0.275 0.036 0.061 0.01 0.026 

26 0.179 0.204 0.29 0.296 0.036 0.061 0.01 0.025 

28 0.189 0.236 0.32 0.328 0.037 0.060 0.01 0.026 

30 0.200 0.27 0.33 0.371 0.037 0.061 0.01 0.025 

32 0.221 0.290 0.35 0.371 0.0373 0.060 0.01 0.025 

34 0.231 0.354 0.37 0.402 0.037 0.0601 0.01 0.025 

36 0.358 0.386 0.40 0.434 0.041 0.060 0.017 0.025 

38 0.485 0.408 0.421 0.445 0.041 0.060 0.016 0.026 

40 0.601 0.440 0.45 0.477 0.05 0.060 0.01 0.02 

42 0.717 0.46 0.46 0.509 0.05 0.060 0.016 0.02 

44 0.727 0.494 0.49 0.540 0.05 0.06 0.016 0.026 

46 
0.8541 

0.5264 0.5273 0.5726 0.059 0.060 0.016 0.026 

48 
0.8752 

0.5371 0.5590 0.6044 0.059 0.060 0.016 0.026 

50 0.9807 0.5694 0.601 0.6256 0.0643 0.060 0.0161 0.026 

 

  



76 
 

 

Figure 51: The moisture gains of non-coated carbon samples heat treated at 22o, 60o, 90o & 120o
 

 

Figure 52: the moisture gains of B+T coated carbon composite heat treated at 22o, 60o, 90o&120o 
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Table 9: Moisture Absorption rate of carbon fiber composite (b+t coat) at different temperatures 

Carbon fiber composite (Bottom + top coat with heat treatment) 

  Moisture absorption  Standard deviation 

No.of 
days At 22°C At 60°C At  90°C At 120°C At 22°C At 60°C At  90°C 

At 
120°C 

0 0.0000 0.0000 0.0000 0.0000 0.0286 0.0173 0.0273 0.0673 

2 -0.1396 -0.1099 -0.2283 -0.1102 0.0284 0.0162 0.0284 0.0673 

4 -0.2592 -0.1898 -0.2878 -0.1302 0.0279 0.0150 0.0287 0.0684 

6 -0.2991 -0.2398 -0.2978 -0.1402 0.0275 0.0139 0.0283 0.0690 

8 -0.2891 -0.2298 -0.2978 -0.1402 0.0279 0.0136 0.0283 0.0690 

10 -0.3090 -0.2498 -0.3375 -0.1402 0.0273 0.0133 0.0279 0.0690 

12 -0.3290 -0.2798 -0.3375 -0.1402 0.0268 0.0133 0.0279 0.0688 

14 -0.3389 -0.3297 -0.3672 -0.1603 0.0266 0.0130 0.0279 0.0692 

16 -0.3389 -0.3297 -0.3672 -0.1803 0.0266 0.0130 0.0279 0.0684 

18 -0.3389 -0.3197 -0.3672 -0.1803 0.0266 0.0127 0.0279 0.0686 

20 -0.3389 -0.3197 -0.3672 -0.1803 0.0266 0.0127 0.0279 0.0686 

22 -0.2791 -0.2398 -0.2779 -0.1302 0.0270 0.0139 0.0282 0.0690 

24 -0.2791 -0.2198 -0.2382 -0.1002 0.0270 0.0133 0.0290 0.0690 

26 -0.2393 -0.1699 -0.1787 -0.0601 0.0261 0.0145 0.0283 0.0686 

28 -0.1495 -0.1399 -0.1390 -0.0301 0.0268 0.0146 0.0284 0.0686 

30 -0.1097 -0.0899 -0.0993 0.0100 0.0272 0.0139 0.0288 0.0680 

32 -0.0598 -0.0500 -0.0596 0.0301 0.0287 0.0145 0.0293 0.0688 

34 0.0399 0.0000 -0.0099 0.0601 0.0288 0.0156 0.0288 0.0688 

36 0.0698 0.0600 0.0298 0.0801 0.0289 0.0165 0.0283 0.0686 

38 0.0897 0.0899 0.0596 0.1102 0.0286 0.0165 0.0283 0.0686 

40 0.1196 0.0999 0.0893 0.1402 0.0286 0.0162 0.0283 0.0686 

42 0.1296 0.1299 0.1191 0.2705 0.0288 0.0162 0.0283 0.0630 

44 0.1595 0.1399 0.1489 0.3005 0.0288 0.0168 0.0283 0.0630 

46 0.1695 0.1599 0.1787 0.3306 0.0282 0.0162 0.0273 0.0630 

48 0.1994 0.1799 0.2084 0.3606 0.0282 0.0165 0.0273 0.0630 

50 0.2393 0.1998 0.2481 0.3806 0.0276 0.0168 0.0277 0.0626 

 

The Figure 51 and 52 shows the moisture gains and moisture equilibrium of carbon fiber 

composite in DI water as a function of the immersion time. As in the Figure, the carbon 

composite coupons reached the moisture equilibrium within 50 days, and the results in the Figure 

show that the moisture absorbed in the bottom + top coat was less than the moisture absorbed in 

the no coat samples, which means the weight gain was less in the superhydrophobic coated 

samples than the alternatives. These test results reveal that the carbon composite heat treatment 
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process at different temperatures worked in the case of superhydrophobic coatings, in which it 

absorbed moisture of 0.2% at 22oC, 0.1% at 60oC, 0.2% at 90oC and 0.3% at 120oC in 

comparison to the moisture gain of 0.98% at 22oC, 0.56% at 60oC, 0.6% at 90oC and 0.6% at 

120oC in case of non-coated samples. 

Table 11: Moisture Absorption rate of Kevlar fiber composite (no coat) at different temperatures 

Kevlar fiber composite (No coat with heat treatment) 

  
Moisture absorption for different 
temperatures Standard deviation 

No.of 
days At 22°C At 60°C At  90°C At 120°C At 22°C At 60°C At  90°C At 120°C 

0 0.0000 0.0000 0.0000 0.0000 0.6301 0.0839 0.4802 0.1599 

2 0.2810 0.4078 0.3650 0.3846 0.6307 0.0866 0.4825 0.1609 

4 0.3993 0.5070 0.4562 0.4843 0.6316 0.0896 0.4823 0.1604 

6 0.4880 0.6944 0.6126 0.5555 0.6309 0.0924 0.4857 0.1609 

8 0.5324 0.7936 0.8081 0.6409 0.6325 0.0948 0.4900 0.1609 

10 0.6359 0.9368 0.8472 0.7264 0.6324 0.0954 0.4909 0.1609 

12 0.6359 0.9368 0.8994 0.7691 0.6324 0.0954 0.4907 0.1609 

14 0.6655 1.1132 0.9515 0.7691 0.6325 0.1003 0.4921 0.1609 

16 0.7542 1.1463 1.0949 0.8831 0.6327 0.0993 0.4941 0.1613 

18 0.7838 1.1683 1.0949 0.8973 0.6329 0.1001 0.4941 0.1609 

20 0.8282 1.2344 1.0949 0.9685 0.6329 0.0998 0.4941 0.1620 

22 0.8577 1.2675 1.2122 1.0255 0.6326 0.1008 0.4967 0.1613 

24 0.8873 1.3446 1.3034 1.1394 0.6327 0.1006 0.4973 0.1605 

26 0.9317 1.3667 1.4208 1.1822 0.6327 0.1014 0.5007 0.1609 

28 1.0204 1.4218 1.4729 1.2249 0.6327 0.1003 0.5021 0.1615 

30 1.0500 1.4769 1.5250 1.2961 0.6331 0.1006 0.5011 0.1624 

32 1.1091 1.4879 1.5511 1.3816 0.6335 0.1007 0.5013 0.1624 

34 1.1239 1.5430 1.5772 1.4243 0.6331 0.1015 0.5008 0.1624 

36 1.1535 1.5981 1.6293 1.4670 0.6335 0.1014 0.5005 0.1624 

38 1.2127 1.6422 1.6684 1.5240 0.6333 0.1015 0.5005 0.1623 

40 1.2127 1.6863 1.7075 1.5667 0.6333 0.1017 0.5005 0.1623 

42 1.2274 1.7194 1.7336 1.6095 0.6329 0.1017 0.4999 0.1623 

44 1.2570 1.7635 1.7727 1.6522 0.6333 0.1021 0.4999 0.1623 

46 1.2570 1.8186 1.7987 1.6949 0.6333 0.1017 0.5001 0.1623 

48 1.2718 1.8516 1.8509 1.7376 0.6329 0.1017 0.4998 0.1623 

50 1.2866 1.9068 1.8770 1.7946 0.6327 0.1022 0.5001 0.1623 
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Figure 53: The moisture gains of non-coated Kevlar composites heat treated at 22o, 60o, 90o, 120o 

 

From the Figure 53, results of non-coated samples and bottom + top coated samples, we 

can see that the moisture gained was less in the case of superhydrophobic coating surfaces, 

which means that when the samples were coated with superhydrophobic coatings and heat 

treated the moisture gain decreased by more than half in comparison to the cases of dipping and 

spraying. The results at different temperatures have increased the moisture gain percentage at the 

room temperature when the samples are non-coated, and in the case of superhydrophobic 

coatings for 120C, the weight gain was more when compared at different temperatures.  
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By comparing the results of spraying and dipping in carbon fiber composites, the heat 

treatment of the coated samples worked very well, which means the weight gain and moisture 

absorption was much less in the heat-treated samples of carbon fiber composites. 

 

Table 10: Moisture Absorption rate of Kevlar fiber composite (B+T coat) at different 
temperatures 

 

Kevlar fiber composite (Bottom + top coat with heat treatment) 

  
Moisture absorption for different 

temperatures Standard deviation 

No.of 
days At 22°C At 60°C At  90°C At 120°C At 22°C At 60°C At  90°C 

At 
120°C 

0 0.0000 0.0000 0.0000 0.0000 0.5350 0.0641 0.2769 0.2862 

2 0.0240 -0.1314 -0.1818 -0.0122 0.5378 0.0677 0.2780 0.2900 

4 0.0240 -0.1213 -0.1939 -0.0122 0.5382 0.0665 0.2783 0.2900 

6 0.0361 -0.0910 -0.1454 0.0366 0.5381 0.0656 0.2785 0.2915 

8 0.0841 -0.0708 -0.0970 0.0488 0.5379 0.0659 0.2786 0.2913 

10 0.1202 -0.0303 -0.0606 0.1098 0.5389 0.0657 0.2789 0.2924 

12 0.0962 -0.0202 -0.0242 0.1464 0.5392 0.0654 0.2786 0.2933 

14 0.0721 0.0202 -0.0242 0.1464 0.5374 0.0659 0.2786 0.2933 

16 0.0962 0.0202 0.0121 0.1586 0.5375 0.0659 0.2783 0.2939 

18 0.1442 0.0404 0.0121 0.1586 0.5381 0.0654 0.2783 0.2939 

20 0.1562 0.0708 0.0485 0.1952 0.5386 0.0654 0.2783 0.2939 

22 0.2043 0.1112 0.0727 0.2196 0.5382 0.0651 0.2779 0.2943 

24 0.2524 0.1415 0.1091 0.3172 0.5388 0.0651 0.2779 0.2945 

26 0.2764 0.1719 0.1454 0.3660 0.5392 0.0650 0.2779 0.2943 

28 0.2885 0.1921 0.1576 0.4026 0.5390 0.0645 0.2774 0.2943 

30 0.3365 0.2123 0.1697 0.4148 0.5386 0.0648 0.2778 0.2939 

32 0.3846 0.2527 0.2182 0.4514 0.5385 0.0645 0.2779 0.2939 

34 0.3966 0.2628 0.2424 0.4758 0.5390 0.0642 0.2778 0.2943 

36 0.4207 0.2932 0.2788 0.4880 0.5385 0.0642 0.2778 0.2939 

38 0.4447 0.3134 0.3030 0.5124 0.5389 0.0644 0.2776 0.2943 

40 0.5048 0.3336 0.3272 0.5490 0.5390 0.0638 0.2775 0.2943 

42 0.5409 0.3538 0.3515 0.5856 0.5390 0.0642 0.2771 0.2943 

44 0.5769 0.3841 0.4000 0.6222 0.5390 0.0642 0.2765 0.2943 

46 0.6130 0.4145 0.4242 0.6588 0.5390 0.0642 0.2764 0.2943 

48 0.6851 0.4347 0.4606 0.6954 0.5400 0.0636 0.2764 0.2943 

50 0.7212 0.4650 0.4727 0.7198 0.5410 0.0636 0.2765 0.2937 
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Figure 54: The Moisture Gains of B+T coated Kevlar composites Heat Treated at 22o, 60o, 90o 120o 

 

The figure 54 shows the moisture gains and moisture equilibrium of Kevlar fiber 

composite in DI water as a function of the immersion time. As in the Figure, the Kevlar 

composite coupons reached the moisture equilibrium within 50 days. The results in the Figure 

show that the moisture absorbed in the bottom + top coat was much less when compared to the 

no coat samples, which means the weight gain was less in the superhydrophobic coated samples 

than in the alternatives. These test results reveal that the Kevlar composite heat treatment process 

at different temperatures worked in the case of superhydrophobic coatings in which it absorbed 

moisture of 0.7% at 22oC, 0.4% at 60oC, 0.4% at 90oC and 0.7% at 120oC, in contrast to the 

moisture gain of 1.28% at 22oC, 1.9% at 60oC, 1.8% at 90oC and 1.7% at 120oC in the case of the 

non-coated samples. 
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From the results of non-coated samples and bottom + top coated samples, we can see that 

the moisture gained was much less in the case of superhydrophobic coating surface, which 

indicates that when the samples were coated with superhydrophobic coatings and heat treated the 

moisture gain decreased by more than half, compared to the cases of dipping and spraying. The 

results at different temperatures had increased the moisture gain percentage at the room 

temperature when the samples were non-coated and, in the case of superhydrophobic coatings for 

120C, the weight gain was more when compared at different temperatures.  

By comparing the results of spraying and dipping in Kevlar fiber composites, the heat 

treatment of the coated samples worked very well, which means the weight gain and moisture 

absorption was much less in the heat treated samples of Kevlar fiber composites. 
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Table 11: Moisture absorption rate of glass fiber composite (no coat) at different temperatures 

Glass fiber composite (No coat with heat treatment) 

  Moisture absorption  Standard Deviation 

No.of days At 22°C At 60°C At  90°C At 120°C At 22°C At 60°C At  90°C At 120°C 

0 0 0 0 0 0.0186 0.0718 0.0443 0.1084 

2 0.0271 0.0155 0.0428 0.0347 0.0190 0.0722 0.0448 0.1084 

4 0.0348 0.0233 0.0545 0.0385 0.0186 0.0718 0.0448 0.1083 

6 0.0464 0.0350 0.0662 0.0578 0.0184 0.0727 0.0448 0.1084 

8 0.0464 0.0427 0.0817 0.0655 0.0186 0.0716 0.0443 0.1096 

10 0.0542 0.0505 0.0778 0.0732 0.0191 0.0722 0.0448 0.1090 

12 0.0542 0.0505 0.0895 0.0809 0.0191 0.0722 0.0448 0.1084 

14 0.0580 0.0621 0.0895 0.0847 0.0186 0.0722 0.0448 0.1083 

16 0.0696 0.0621 0.0934 0.0847 0.0186 0.0722 0.0447 0.1083 

18 0.0696 0.0660 0.1012 0.0963 0.0186 0.0724 0.0448 0.1080 

20 0.0774 0.0777 0.1012 0.1040 0.0182 0.0724 0.0448 0.1084 

22 0.0890 0.0855 0.1206 0.1078 0.0175 0.0722 0.0442 0.1083 

24 0.0890 0.0971 0.1284 0.1155 0.0175 0.0722 0.0447 0.1084 

26 0.0967 0.1049 0.1401 0.1232 0.0171 0.0718 0.0433 0.1089 

28 0.1161 0.1204 0.1440 0.1309 0.0169 0.0721 0.0438 0.1083 

30 0.1277 0.1282 0.1557 0.1425 0.0169 0.0727 0.0438 0.1083 

32 0.1316 0.1398 0.1557 0.1502 0.0173 0.0718 0.0438 0.1094 

34 0.1509 0.1515 0.1673 0.1618 0.0171 0.0718 0.0438 0.1094 

36 0.1586 0.1631 0.1868 0.1695 0.0176 0.0718 0.0429 0.1096 

38 0.1664 0.1787 0.1985 0.1772 0.0174 0.0713 0.0429 0.1090 

40 0.1703 0.1942 0.2101 0.1849 0.0180 0.0715 0.0429 0.1094 

42 0.1780 0.2059 0.2257 0.1964 0.0176 0.0715 0.0435 0.1094 

44 0.1896 0.2136 0.2413 0.2041 0.0176 0.0712 0.0430 0.1089 

46 0.2051 0.2253 0.2529 0.2157 0.0178 0.0712 0.0430 0.1089 

48 0.2089 0.2331 0.2685 0.2234 0.0180 0.0718 0.0429 0.1090 

50 0.2283 0.2447 0.2802 0.2349 0.0177 0.0717 0.0433 0.1090 
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Figure 55: The moisture gains of non-coated Glass composites heat treated at 22o, 60o, 90o, and 
120o 

 

Figure 56: The moisture gains of B+T Glass composites heat treated at 22o, 60o, 90o, and 120o 
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Table 12: Moisture absorption rate of glass fiber composite (no coat) at different temperatures 

Glass fiber composite (Bottom + top coat with heat treatment) 

 
Moisture absorption for different temperatures 

No.of days At 22°C At 60°C At  90°C At 120°C 
0 0 0 0 0 

2 -0.083 -0.0682 -0.0607 -0.0531 

4 -0.1065 -0.0985 -0.0569 -0.0721 

6 -0.1255 -0.10989 -0.0569 -0.0569 

8 -0.1255 -0.12505 -0.0607 -0.0493 

10 -0.1179 -0.12884 -0.075 -0.0493 

12 -0.12936 -0.1402 -0.0758 -0.0455 

14 -0.1598 -0.1591 -0.0758 -0.0721 

16 -0.1598 -0.1781 -0.0758 -0.0721 

18 -0.14458 -0.1743 -0.0758 -0.0683 

20 -0.14078 -0.1705 -0.0682 -0.0607 

22 -0.1331 -0.1591 -0.0569 -0.0569 

24 -0.1217 -0.1477 -0.0417 -0.0493 

26 -0.1065 -0.1212 -0.0379 -0.0341 

28 -0.0760 -0.0947 -0.0303 -0.0265 

30 -0.05707 -0.0644 -0.0227 -0.0075 

32 0.00760 -0.0378 -0.01517 -0.003 

34 0.0266 -0.0151 0.0037 0.0075 

36 0.0342 -0.0037 0.01517 0.0151 

38 0.0456 0.0075 0.0265 0.0227 

40 0.0570 0.0189 0.03794 0.0341 

42 0.068 0.0378 0.0455 0.0455 

44 0.076 0.0454 0.0569 0.05315 

46 0.083 0.0568 0.0682 0.0645 

48 0.095 0.0682 0.07967 0.0721 

50 0.106 0.0833 0.08346 0.0835 

 

Figure 55 and Figure 56, shows the moisture gains and moisture equilibrium of glass 

fiber composite in DI water as a function of the immersion time. As in the Figure, the glass 

composite coupons reached the moisture equilibrium within 50 days. The results in the Figure 

show that the moisture absorbed in the bottom + top coat was much less, compared to the no coat 

samples, which means the weight gain was less in the superhydrophobic coated samples than in 

the alternatives. These test results reveal that the Kevlar composite heat treatment process at 

different temperatures worked in the case of superhydrophobic coatings in which it absorbed 
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moisture of 0.1% at 22oC, 0.08% at 60oC, 0.08% at 90oC, and 0.08% at 120oC, compared to the 

moisture gain of 0.2% at 22oC, 0.2% at 60oC, 0.2% at 90oC, and 0.2% at 120oC, in the case of 

non-coated samples. 

 

Figure 57: Moisture absorption at different temperature for Non-coated composites  

 

Figure 58: Moisture absorption at different temperature for Non-coated composites 
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From the Figures 57 and 58, we can conclude that moisture absorption was much less 

when the fiber composites were coated with the superhydrophobic coatings, which means there 

was no weight gain in the samples when they were heat treated at different temperatures. 

After removing the samples from DI water, the contact angle of carbon, Kevlar, and glass 

fiber composite samples was tested. The contact angles for no coat were 84o, 92o, and 90 o, and 

the bottom + top coat was 156 o, 159 o, and 157 o, respectively. The thicknesses of the no coat 

sample were 3.167mm, 4.382mm, and 6.379mm, and the bottom + top coat thicknesses were 

3.281mm, 4.578mm, and 6.425mm. 

4.3 UV Chamber Studies 
 

The laminated fiber composites were exposed to the UV radiations for two hours in the 

UV chamber, and before that the samples were tested in the UV chamber for fifteen days. 

Contact angles were measured and the samples that had undergone UV weathering conditions 

had contact angles of carbon, glass, and Kevlar as 156 o, 160 o, and 158o. After the samples were 

exposed to the UV lamps for day one for two hours again, the contact angles were measured and 

the contact angle results did not show any impact on the samples, which means the coatings were 

not degraded in the presence of UV light. 

 

Table 13: Results on UV Chamber effect on Contact angle on day 1 and day 15 

Days Composite Before UV After UV

Day 1 Carbon 156 156

Day 1 Kevlar 160 160

Day 1 Glass 158 158

Day 15 Carbon 156 155

Day 15 Kevlar 160 160

Day 15 Glass 158 156

UV Chamber effect on Contact Angle
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When the composites were exposed again after fifteen days, the contact angles had 

remained the same as the angles on day one. After exposing the composite coupons for two 

hours on day fifteen and testing the contact angles, there was a slight difference in the contact 

angle of carbon, glass, and Kevlar as 155 o, 160 o and 156 o. 

4.4 FTIR Analysis 
 

`  FTIR analysis was done on the samples of carbon, Kevlar, and glass to measure the 

functional bonds present between the non-coated composite and superhydrophobic coated 

samples. The Figure 59 shows the FTIR analysis of the Carbon Sample (no coat). FTIR analysis 

allows the samples to measure the reflectance and wavelength. An IR spectrum was based upon 

the factors of compounds such as photoconductivity, emission, absorption, and scattering. The 

main purpose of this analysis was to measure how much light was absorbed by the compounds at 

different wavelengths and the type of bonds for the compound at a specific wavelength of lights. 

 

Figure 59: FTIR Analysis for the carbon fiber composite (no coat) 
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Figure 60: FTIR Analysis for the carbon fiber composite (bottom + top coat) 

 

From Figures 59 and 60, of non-coated and bottom + top coated samples, considering the 

carbon sample (non-coated), the highest peak was observed at 3744 to 3373 cm-1, which means 

that there was a presence of Hydroxyl groups and there was O-H stretching vibration and 

intermolecular H-bonded [42]. The other peak from 1590 cm-1 to 1508 cm-1 means the presence 

of Carboxylic and N-H bending. The other peaks from 1284 cm-1 to 1235 cm-1 means the 

presence of Acrylates, which means the C-O-C stretching [43] [44]. 

Considering the superhydrophobic coated samples, the highest peaks at 2921 cm-1 to 

2852 cm-1 (C-O stretch) indicate the presence of intermolecular carboxylic group bridge 

compounds. The peaks from 698 cm-1 to 471.43 cm-1 indicate the presence of Nitrogen-

containing biolegands. The peak at 1096 cm-1 indicates the (C-O-C stretch (dialkyl)) and 

specifies the presence of ethers CS.  
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Figure 61: FTIR Analysis for the Kevlar fiber composite (no coat) 

 

Figure 62: FTIR Analysis for the Kevlar fiber composite (bottom + top coat) 

From Figures 61 and 62, of non-coated and bottom + top coated samples, considering the 

Kevlar sample (non-coated), the highest peak was observed at 3742 to 3317 cm-1, which means 
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that there was a presence of Hydroxyl groups and there was O-H stretching vibration and 

intermolecular H-bonded. The other peak from 1606 cm-1 to 1506 cm-1 means the presence of 

Carboxylic and N-H bending. The other peaks from 874.55 cm-1 to 824.80 cm-1 mean the 

presence of Aromatics and enes, which means the =C-H out of plane bending vibration. [45] The 

peaks at 551 cm-1 to 463 cm-1 mean the presence of Nitrogen and the peaks at 1033 cm-1 mean 

the presence of Fluorine. 

Considering for the superhydrophobic coated samples, the highest peaks at 2921 cm-1 to 

2853 cm-1 (C-O stretch) indicate the presence of intermolecular carboxylic group bridge 

compounds. The peaks from 698 cm-1 to 466.43 cm-1 indicate the presence of nitrogen containing 

biolegands. The peak at 1096 cm-1 indicates the (C-O-C stretch (dialkyl)) and specifies the 

presence of ethers CS.  

 

Figure 63: FTIR Analysis for the Glass fiber composite (no coat) 
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Figure 64: FTIR Analysis for the Glass fiber composite (bottom + top coat) 

From Figures of non-coated (63) and bottom + top coated samples (64), considering the 

glass sample (non-coated), the highest peak was observed at 3742 to 3646 cm-1, which means 

there was a presence of Hydroxyl groups and there was O-H stretching vibration and 

intermolecular H-bonded. The other peak from 1605 cm-1 to 1506 cm-1 means the presence of 

Carboxylic and N-H bending. The other peaks from 872cm-1 to 824.80 cm-1 mean the presence 

of Aromatics and enes, which means the =C-H out of plane bending vibration.  The peaks at 555 

cm-1 to 459 cm-1 mean the presence of nitrogen and the peaks at 1034 cm-1 mean the presence of 

Fluorine. 

Considering the superhydrophobic coated samples, the highest peaks at 2921 cm-1 to 

2852 cm-1 (C-O stretch) indicate the presence of intermolecular carboxylic group bridge 

compounds. The peaks from 698 cm-1 to 468.43 cm-1 indicate the presence of nitrogen containing 

biolegands. The peak at 1001 cm-1 indicates the (C-O-C stretch (dialkyl)) and specifies the 

presence of ethers CS.  
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For all the FTIR analysis, the superhydrophobic coatings have the same peaks, which 

mean the presence of carboxylic groups, ethers, and presence of nitrogen. For the non-coated 

samples the presence of carboxylic groups, nitrogen, and fluorine were present. 
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CHAPTER 5 

CONCLUSIONS 
 

In this research, moisture prevention and the moisture absorption characteristics of 

superhydrophobic coating surfaces were investigated by evaluating the mechanical properties. 

Three different composites like carbon, glass, and Kevlar fiber-reinforced composites were 

coated with superhydrophobic coatings prior to the Moisture Ingression Tests. Experimental 

results indicated that using superhydrophobic coatings significantly improved mechanical 

properties by reducing the moisture absorption in the composite coupons. When the composite 

coupons were tested after ten months, the contact angle of the material did not change, which 

means the coatings were not degraded. 

For moisture absorption, water was chosen as the primary fluid. Moisture equilibrium 

was reached when the average moisture content of the specimen changed by less than 0.05% for 

two consecutive readings within a few days. When the experimental data was examined, each 

material individually showed a different moisture absorption rate, and using the recommended 

procedure might lead to an incorrect moisture equilibrium and absorption rate. It was determined 

that, based on the type of coatings and reinforcement material characteristics, the weight gain can 

change all the properties, even though samples for the same type of composites are processed 

with the same temperature and pressure. 

From the results of bare samples and bottom + top coated samples, we can see that the 

moisture gained was much less in the case of superhydrophobic coating surfaces. From all the 

test results, the heat treatment results revealed that when the samples were coated with 

superhydrophobic coatings, the moisture gain had decreased by more than half, compared to the 

cases of dipping and spraying. By comparing the results of spraying and dipping in glass fiber 
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composites, the heat treatment of the coated samples worked very well, which means the weight 

gain and moisture absorption was less in the heat-treated samples of glass fiber composites. The 

moisture ingression rate was significantly higher on the Kevlar fiber composites when compared 

to the carbon and glass fiber composites, which may be because of the Polymeric structure of the 

Kevlar Fibers.  

The moisture absorption rate in all the three tests revealed that glass fiber composites 

absorbed less moisture. It was recommended that using the glass fiber as the outer Prepreg Ply 

on the composite assemblies can increase the repellency properties and also reduces the moisture 

absorption 

The experimental data showed that the values of the glass composites were the lowest, 

meaning the moisture absorption results obtained throughout the experimental data where the 

Kevlar composites gained more weight than the others during conditioning. Although the same 

coatings were used for carbon, Kevlar, and glass, the weight gain values were still different after 

fifteen days of conditioning. This gave an indication that polymerization during the resin curing 

time and the coatings could affect the surface characteristics of the composites. 

The moisture ingressions in the polymeric composites have been ongoing issues for the 

aircraft and other industries. This issue has attracted major attention from the aircraft companies, 

operators and maintenance facilities. The moisture ingression can lead to the delamination and 

other degradations, as well as structural integrity. Our studies showed that the superhydrophobic 

coatings on the surface of the composite panels could significantly reduce the moisture 

absorptions, which can directly enhance the mechanical properties of the composites. This study 

may be useful for the longer service times of the composite aircraft and parts.      



96 
 

CHAPTER 6 

 FUTURE WORK 
 

Based on the experimental results for the superhydrophobic coated composite coupons, 

there were significant scientific findings in the field. For further future research studies on 

superhydrophobic composites, the following is recommended: 

 Moisture Absorption tests for the variable dimensions by changing the dimensions of the 

composites by length, width and thickness to verify the rate of absorption rate. 

 To verify other conditioning methods based upon the moisture gain in the samples, which 

may not be dipping or spraying and immersing the samples in the water. 

 To investigate the Pressure and Temperature fatigue for the moisture exposed structural 

composite assembly. 

 To model the Non-destructive Inspection properties and to investigate the moisture 

absorption rate related to the icing in aircraft. 

 To investigate the moisture absorption rates of composite coupons of different fibers with 

same thickness and lengths. 

 UV tests at different thickness on composite panels. 

 Mechanical testing on the superhydrophobic coated composites on Tensile, Compression, 

Fatigue and SBS. 
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APPENDICES 

 

Glass fibre composite (No coating for dipping) 

days 
sample-
1 

sample-
2 

sample-
3 average std. dev wt. of wet 

 Weight of 
dry 

moisture 
gain % 

0 8.448 8.477 8.441 8.455 0.019 8.455 8.455 0 

5 8.448 8.478 8.441 8.455 0.019 8.4556 8.455 0.003 

10 8.449 8.478 8.442 8.456 0.019 8.4563 8.4553 0.01 

15 8.45 8.479 8.442 8.457 0.019 8.45 8.455 0.019 

20 8.45 8.479 8.442 8.457 0.019 8.457 8.4553 0.019 

25 8.45 8.479 8.442 8.457 0.0194 8.457 8.455 0.0197 

 

carbon fiber composite(no coating for dipping) 

days 
sample-

1 
sample-

2 
sample-

3 average std. dev 
wt. of 
wet 

wt.of 
dry moisture gain(%) 

0 3.192 3.163 3.187 3.180 0.015 3.1806 3.1806 0 

5 3.192 3.164 3.189 3.181 0.015 3.1816 3.1806 0.03143 

10 3.193 3.164 3.189 3.182 0.0157 3.182 3.1806 0.0410 

15 3.193 3.165 3.19 3.182 0.015 3.1826 3.1806 0.0623 

20 3.193 3.165 3.19 3.182 0.015 3.1826 3.1806 0.0628 

25 3.194 3.165 3.191 3.183 0.015 3.183 3.1806 0.0838 

 

kevlar fibre composite (no coating for dipping) 

days 
sample-

1 
sample-

2 
sample-

3 average std. dev 
wt.of 
wet wt.of dry moisture gain% 

0 3.611 3.78 3.663 3.684 0.086 3.684 3.684 0 

5 3.659 3.823 3.712 3.731 0.083 3.73 3.684 1.266 

10 3.678 3.836 3.726 3.746 0.081 3.7466 3.684 1.682 

15 3.706 3.857 3.751 3.771 0.077 3.771 3.684 2.35 

20 3.713 3.866 3.764 3.781 0.077 3.781 3.684 2.614 

25 3.725 3.878 3.778 3.79 0.077 3.793 3.684 2.958 

 

glass fibre (bottom coat for dipping) 

days 
sample-

1 
sample-

2 
sample-

3 average std.dev wt.of wet 
wt.of 
dry 

moisture 
gain(%) 

0 8.451 8.456 8.458 8.455 0.003 8.455 8.455 0 

5 8.452 8.457 8.459 8.456 0.003 8.456 8.455 0.0118 

10 8.452 8.457 8.459 8.456 0.0036 8.456 8.455 0.0118 

15 8.453 8.459 8.461 8.457 0.004 8.457 8.455 0.031 

20 8.453 8.459 8.461 8.4576 0.004 8.457 8.455 0.0315 

25 8.453 8.459 8.461 8.4576 0.004 8.4576 8.455 0.031 
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Carbon fibre composite(bottom coat for dipping) 

days 
sample-

1 
sample-

2 
sample-

3 average std. dev wt.of wet wt.of dry 
moisture gain 

% 

0 3.136 3.221 3.169 3.175 0.0428 3.1753 3.175333 0 

5 3.137 3.223 3.171 3.177 0.0433 3.177 3.175333 0.0524 

10 3.138 3.223 3.172 3.177 0.0427 3.177 3.175333 0.0735 

15 3.14 3.227 3.173 3.18 0.0439 3.18 3.175333 0.1469 

20 3.14 3.227 3.173 3.18 0.043 3.18 3.175333 0.1469 

25 3.14 3.227 3.173 3.18 0.043 3.18 3.175333 0.1469 

 
kevlar fiber composite (bottom coat for dipping) 

days sample-1 sample-2 sample-3 average std. dev wt.of wet wt.of dry moisture gain % 

0 3.836 3.63 3.855 3.773 0.124 3.773 3.773 0 

5 3.859 3.65 3.883 3.7973 0.128 3.797 3.77 0.627 

10 3.876 3.667 3.903 3.8153 0.128 3.815 3.773 1.104 

15 3.89 3.681 3.918 3.829 0.129 3.829 3.773 1.483 

20 3.906 3.693 3.937 3.845 0.132 3.845 3.7737 1.899 

25 3.915 3.699 3.946 3.8533 0.1345 3.853 3.77367 2.111 

 

carbon fiber composite (bottom + top coat for dipping) 

days 
sample-

1 
sample-

2 
sample-

3 average std. dev wt.of wet 
wt.of 
dry 

moisture gain 
% 

0 3.166 3.088 3.154 3.136 0.042 3.136 3.136 0 

5 3.192 3.115 3.182 3.163 0.041 3.163 3.136 0.860 

10 3.196 3.13 3.2 3.1753 0.039 3.175 3.136 1.254 

15 3.197 3.129 3.19 3.172 0.0374 3.172 3.136 1.147 

20 3.2 3.138 3.194 3.177 0.034 3.177 3.136 1.31 

25 3.201 3.14 3.205 3.182 0.036 3.182 3.136 1.46 
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Glass fibre composite (bottom + top coat for dipping) 

days sample-1 sample-2 sample-3 average std. dev wt.of wet wt.of dry moisture gain % 

0 8.492 8.43 8.475 8.465 0.064 8.46566667 8.465 0 

5 8.492 8.431 8.475 8.466 0.031 8.466 8.465 0.0039 

10 8.492 8.431 8.475 8.466 0.031 8.466 8.465 0.0039 

15 8.492 8.431 8.476 8.4663 0.031 8.4663 8.465 0.0078 

20 8.493 8.432 8.477 8.4673 0.031 8.4673 8.467 0.019 

25 8.493 8.432 8.477 8.4673 0.031 8.4673 8.4657 0.019 

 
kevlar fibre composite (bottom + top coat for dipping) 

days sample-1 sample-2 sample-3 average std. dev wt.of wet wt.of dry moisture gain % 

0 3.619 3.705 3.716 3.68 0.0531 3.68 3.68 0 

5 3.634 3.729 3.717 3.6933 0.0517 3.693 3.68 0.362 

10 3.641 3.738 3.722 3.700 0.0520 3.700 3.68 0.552 

15 3.654 3.754 3.737 3.715 0.0535 3.715 3.68 0.951 

20 3.668 3.77 3.751 3.7296 0.0542 3.7296 3.68 1.349 

25 3.675 3.778 3.759 3.7373 0.0548 3.7373 3.68 1.557 

 


