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ABSTRACT  

 

 

One of the most important aspects in manufacturing an aerospace structure is its composite 

materials. Composite coatings are exposed to many environmental conditions, which can 

significantly affect them. In this research, three different surface treatments were introduced to 

examine their effects on the adhesion between the composite coating and the substrate. These 

treatments were plasma cleaning, ultraviolet (UV) radiation, and sanding. A cross-cut test was 

conducted on the composite panels to assess the adhesion of paint to the substrate after all three 

treatments. Coating performance analyses were also carried out using a Fourier transform infrared 

spectrometer, contact angle, and optical microscopic images. The first set of panels was treated for 

4, 8, and 12 minutes with oxygen plasma, and the surface wettability was assessed by contact angle 

measurement. The second set of panels was treated with UV radiation for 2, 4 and, 8 days, and the 

surface wettability was also assessed using the contact angle test. A few samples were treated with 

sandpaper. Two coats of paint, including a primer and a top coat, were used, and the panels were 

exposed to UV radiation and immersed in water. 

It was found that untreated panels showed a much higher contact angle of 86°, whereas 

panels treated with plasma exhibited a 33° water contact angle. In the case of UV radiation, the 

contact angle of untreated panels was found to be 106°, whereas the contact angle of panels treated 

with UV radiation was reduced to 47°. Panels treated with sandpaper showed a contact angle of 

24°, whereas panels without sandpaper treatment showed a contact angle of 73°. The cross-cut test 

showed considerable flaking of the coating along the edges and squares of panels that were not 

treated, and very small flakes along the edges and parts of the grid square on panels that were 

treated, thus confirming the enhancement of adhesion by plasma, UV, and sanding treatments.  
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1 Background 

The utilization of common composite materials has been part of man’s innovation since 

the main antiquated developer utilized straw to fortify mud blocks. In their day, twelfth-century 

Mongols made propelled, arrow-based weaponry bows that were small and more intense than their 

opponents [1]. These bows were composite structures incorporating dairy cattle ligaments, horn, 

bamboo, and silk and reinforced with regular pine tar. Ligaments were put on the pressure side of 

the bow, bamboo was utilized as its center, and sheets of horn covered the pressure side of the bow 

[2]. The whole structure was firmly wrapped with silk utilizing rosin cement. These twelfth-

century originators of weapons unquestionably comprehended the standards of the composite 

outline. Lately, some of these 700-year-old historical center pieces were hung and tried. They were 

around 80% as solid as cutting-edge composite bows [1].  

In the late 1800s, kayak manufacturers were exploring different avenues regarding sticking 

together layers of Kraft paper with shellac to frame paper covers. While the idea was effective, the 

materials did not perform well, and since the accessible materials were not appropriate, the thought 

faded away. In the years between 1870 and 1890, an unrest was occurring in science [1]. The main 

manufactured (man-made) polymer tars could be changed over from a fluid to a strong state by 

polymerization, or by crosslinking the particles. Early manufactured pitches included celluloid, 

melamine, and bakelite [2]. Composites are no longer considered “space-age” materials that are 

used solely for stealth aircraft and space transports. Their flexible material framework has turned 

them into a component of regular life. Indeed, because composites are so generally utilized and 
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their utilization has shifted, the general composites market must now be separated in the 

accompanying real business fragments to cover a huge number of items [1]. 

1.2 Motivation and Objective 

 

 The field of composites is growing rapidly in many industries such as the automobile and 

aviation industries. Composites are known to have a high strength to low weight ratio. Significant 

improvement in the performance of coatings used in the protection of military and civil aircraft 

has been achieved the last thirty years. 

 There has been a tremendous amount of financial loss resulting from the premature failure 

of paints and coatings. Since excessive rigging is needed to access the failing areas, the cost of 

repair for such premature failure is more than the cost of the initial painting. There are many 

reasons for a coating to fail, including poor application, a defective, or inadequate specification. 

Development in surface treatments has been growing for many years. Polymeric composites tend 

to exhibit poor adhesion properties because of their low surface properties. The growing demand 

for better adhesion of surface coatings to these coatings is still occurring. The main aim is to reduce 

the cost of maintenance and improve the levels of protection.  Many methods that are employed in 

the surface finishing of many industrial and aerospace parts involve the use of both toxic materials 

and solvents, which in turn leads to damage of the ozone layer and the promotion of smog 

formation. For these reasons, many dry treatments have been developed, including corona 

treatment, plasma, sand blasting, and ultraviolet (UV) cleaning [3].  

 Chromate protective treatments have been very efficient corrosion inhibitors for aluminum 

alloys. But the protection of aluminum alloys from inhibited primers purely depends on the 

chromate release when in contact with moisture. Due to chromate protective treatments, the 

corrosion is prevented in the areas where paint has been damaged or there is a loss of adhesion 
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between the paint and the substrate. The surface pretreatment is process where the substrate surface 

is cleaned or activated properly so as to increase the adhesion properties between paint and the 

substrate. It is hypothesized that proper surface treatment improves the coating performance 

against various environmental conditions. Asmatulu et al. [4] at Wichita State University studied 

corrosion prevention and the inhibition of UV degradation of aircraft material. Plasma and UV 

cleaning are known as dry surface treatments, which do not involve additional cost or man power. 

Here, the surface is cleaned with various types of plasma gases like ammonium, oxygen, or helium, 

which activate the surface, thereby increasing the wettability and surface energy which directly 

lead to an increase in adhesion properties [3].  

 Carbon fibers are the most studied material relative to surface treatments to improve 

adhesion. Many methods have been examined, including oxidation, wet chemical oxidation, and 

plasma treatment [5]. Plasma has been shown to be the best treatment for not only oxidizing but 

also providing a pathway for depositing polymeric and non-polymeric materials on the carbon 

surface. UV light in combination with ozone has been an alternative method to treat the surface 

using more traditional methods. High-energy UV photons have the capacity to break many 

chemical bonds, which create radicals that are available for oxidation. This work aims to determine 

the efficiency of both plasma and UV cleaning of material surfaces for better adhesion between 

the substrate and the coating.  
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CHAPTER 2 

 

LITERATURE REVIEW 

 

 

2.1 Fundamentals of Adhesion 

The two primary functions of paint are protection and appearance. It is vital that the paint 

has good adhesion to prolong the life and structure of what it is protecting. The durability of the 

paint depends on both the product’s cohesion and adhesion. Cohesion is the paint’s ability to stick 

together, which could be measured as tensile strength [6]. Adhesion is the paint’s ability to stick 

to another surface. The three primary ways paint adheres to a surface are adsorption, chemical 

bonding, and mechanical interlocking.  

2.1.1 Adsorption 

In order for adhesion to be maximized, adsorption must take place between the paint and 

the substrate. In adsorption, paint contact with the substrate forms both molecular contact and 

surface forces. When paint flows and forms to the contour of the surface creating a continuous 

bond, the process is called “wetting.” Failed adhesion is often the result of failure of the paint to 

accomplish complete wetting, leaving low points of the surface untouched by the paint. For proper 

wetting to occur, the surface energy of the substrate must be higher than that of the liquid paint. 

Certain plastics have low surface energy and require additional surface preparation. Coatings over 

substrates that have high surface of energy can be compromised by the presence of loose 

contaminate or oil residue. This greatly decreases the ability of paint to bond with the intended 

surface. 

2.1.2 Chemical Bonding 

Chemical bonding is accomplished when paint is formulated with binders and forms a 

covalent bond with the substrate [6]. This process occurs after adhesion, and forms stronger bonds 
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than afforded by adhesion. Adding coupling agents creates a strong bridge between the paint and 

substrate through covalent bonding. One common example is organosilane, which used in priming 

and protecting surfaces such as glass and metal. 

2.1.3 Mechanical Interlocking 

Mechanical interlocking occurs as wet paint forms around the surface of a material, and 

the dried coating becomes interlocked with the substrate like a puzzle piece. Paint adheres to 

rougher surfaces more strongly because of the increased contact area.  For this reason, surface 

preparation often includes abrasion. Roughening a surface can also increase the ability to resist 

cracking between the paint and substrate. Rougher surfaces break up any pealing by obstructing 

the path of the crack created by an external force. It is ideal when adhesion, chemical, and 

mechanical bonding occur simultaneously, wetting the entire area of the substrate for maximum 

adhesion [6]. 

2.2 Composites in Aviation Industry 

The utilization of composite materials in the airplane industry has expanded in the most 

recent years. In operation since 2011, with more than half of its basic weight comprised of 

composites, the Boeing 787 Dreamliner is an obvious declaration to this reality. Cement holding 

is significantly favorable for joining composites, since it avoids the perils of boring gaps in these 

materials (fiber breaking, stretch fixations, dark clean, etc.). With a specific end goal to prevent 

interfacial failure in the administration of fortified composite parts, it is fundamental to ensure 

excellent grip properties at the interfaces. Industry practices ought to guarantee that the composite 

parts are appropriately reinforced, and that this bond will persevere [7]. 

 Fiberglass is the most widely recognized composite material and is comprised of glass 

filaments implanted in a resin lattice. Fiberglass was initially utilized in the 1950s, generally for 
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water crafts and vehicles. Fiberglass was initially utilized as a part of the Boeing 707 Traveler 

Stream in the 1950s, where it comprised approximately two percent of the structure. Every era of 

new airplanes by Boeing has had an expanded rate of composite material utilization, the most 

prominent being the yet-to-be-discharged 787 Dreamliner, half of which is comprised of 

composites. The evolution of composite applications at Airbus is shown in Figure 1 [8]. 

 

Figure 1. Evolution of composite application at airbus [9] 

Most composites are comprised of strands of one material bound firmly into another 

material called a matrix. A grid ties the strands together to some degree like an adhesive and makes 

them more impervious to outer harm, while the filaments make the framework more grounded and 

stiffer and help it to combat breaks and cracks. The fibers and matrix are more often than not 

(although not generally) produced using diverse materials. The fibers are normally glass, carbon, 

silicon carbide, or asbestos, while the matrix is generally plastic, metal, or a ceramic material 

(however, other materials, such as cement, may be utilized) [10]. The two constituents of a 

composite material are reinforcement and a matrix. The reinforcement stage provides quality in 

addition to solidness. As a rule, the reinforcement support is harder, more grounded, and stiffer 
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than the matrix, normally a fiber or a particulate. Particulate composites have measurements that 

are approximately equivalent in every way. They may be circular, platelets, or some other general 

or unpredictable geometry. Particulate composites tend to be much weaker and less firm than 

continuous fiber composites; however, they are less costly. Particulate-reinforced composites 

typically contain less reinforcement (up to 40 to 50 volume percent) because of processing 

difficulties and brittleness [11]. 

2.2.1 Laminates 

Laminates are created when plies in the lay-up process are stacked at various angles, 

whereas, lamina are created when plies in the lay-up process are stacked in only one direction. 

Fiber composites that are continuous are normally laminated materials, the strength of which is 

enhanced by the orientation direction of individual layers, plies, or laminae. In general, the three 

different types of fiber orientations are unidirectional, bidirectional, and quasi-isotropic [12]. In a 

unidirectional orientation, the fibers are oriented in one direction and the strength and stiffness of 

that laminate are only in the direction of the fiber. In a bidirectional orientation, fibers are oriented 

in two directions, mostly 90° apart, and the resulting strength and stiffness is in both directions. 

Figure 2 shows unidirectional and bidirectional lay-ups. In a quasi-isotropic lay-up, as shown in 

Figure 3, the plies are stacked in a 0, –45, 45, and 90-degree sequence. The properties of the 

resultant laminate with a quasi-isotropic lay-up gives the properties of an isotropic material. [13]. 

Many aerospace components are made up of quasi-isotropic composite structures.  

Various types of composite fibers are used for different purposes. The main types of 

composite fibers are fiberglass, Kevlar, carbon/graphite, ceramic, lightning protection, and boron. 

A carbon fiber composite suggests a composite in which no less than one of the fillers is carbon 

fibers, either short or constant, unidirectional or multidirectional, woven or nonwoven. The 
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framework is normally a polymer, metal, carbon, ceramic, or blend of various materials. With the 

exception of sandwich composites, the matrix is three-dimensionally persistent, though the filler 

can be three-dimensionally broken or constant. Carbon fiber fillers are generally three-

dimensionally broken, unless the strands are three-dimensionally interconnected by weaving or by 

the utilization of a binder, for example, carbon [16]. 

 

Figure 2. Unidirectional and bidirectional lay-up [14] 

 

Figure 3. Quasi-isotropic lay-up [15] 
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2.3 Composite Manufacturing Processes 

The different types of composite manufacturing processes are hand lay-up, prepreg 

forming, pressure molding, vacuum bagging, filament winding, pultrusion, spray method, sheet 

molding, bulk molding, and resin transfer molding. 

2.3.1 Hand Lay-Up Process 

The hand lay-up process is one of the easiest methods of composite. Here, release gel is 

sprayed on the surface to be molded in order to prevent the fiber from sticking to the surface. Then 

the top and bottom of the mold plate are covered with thin plastic sheets in order to produce a good 

surface finish, as shown in Figure 4. The plies are then cut according to the mold dimensions and 

placed on the mold plate, and a thermosetting polymer is poured onto the surface of the mold. A 

brush is employed to ensure uniform spread of the polymer. A second layer of ply is placed on the 

mold and a roller is moved over the ply to ensure that no air is trapped and also that no excess 

polymer is present on the surface [17]. This entire process is repeated until the required layers are 

stacked. After the proper number of plies are stacked, the mold is cured at room temperature. 

Following curing, the mold is opened and the refined composite part is removed. The general 

materials used in a hand lay-up processes are provided in Table 1. 

 

Figure 4. Hand lay-up process [18] 
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TABLE 1 

 

RAW MATERIALS USED IN HAND LAY-UP PROCESS [17] 

 

MATERIALS USED 

Matrix Epoxy, polyester, polyvinyl ester, phenolic resin, unsaturated polyester, 

polyurethane resin 

Reinforcements  Glass fiber, carbon fiber, aramid fiber, natural plant fibers (sisal, 

banana, nettle, hemp, flax, etc.) These fibers are in the form of a 

unidirectional mat, bidirectional (woven) mat, randomly oriented fibers 

mat, or stitched into a fabric form. 

 

2.3.2 Vacuum Resin Infusion Method 

In most fabrication industries, due to industry demand for faster production rates, the hand 

lay-up process has been replaced with the resin infusion process. This process is a practical strategy 

for assembling high-quality composite parts that are generally required in small amounts, not a 

couple hundred indistinguishable pieces of every shape every year, or physically substantial parts 

which are difficult or restrictively costly to make by any other technique. This technique uses few 

materials including a mold, resin, vacuum lines, vacuum bag, and vacuum pump. Figure 5 shows 

a schematic diagram of the resin infusion process. 

The first step in the vacuum resin infusion method is to prepare a good quality mold, which 

has a rigid surface and has a good finish. The mold is properly cleaned, and a mold release agent 

is applied. The fibers are cut according to the mold dimensions. The fibers primarily used in this 

process are fiberglass, since it offers high permeability and allows the resin flow smoothly. Other 

fibers such as carbon are also used in vacuum infusion, although the infusion of resin is slower 

with carbon than with fiberglass.  
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Figure 5. Resin infusion process [19] 

After an adequate layer of fiber are placed into the mold, a first layer of a peel ply is placed 

at the end of the fibers, then a second layer of infusion mesh is added, which helps the resin spread 

through the part. Next, a spiral wrap is placed at the boundaries of the mold so that the resin can 

enter or leave the vacuum tube throughout the boundaries. Then the entire mold is vacuum bagged 

and connected to a hose in order to remove air from the vacuum bagging using a vacuum pump. 

Another hose connected to the opposite side of the mold is also connected to the resin bucket. 

After the air is removed from the vacuum bag, the resin from the resin bucket flows through the 

hose and enters the mold. After infusion is complete, the part is cured at room temperature for 24 

hours. After curing, the finished part is easily taken from the mold because it has been initially 
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sprayed with mold release. The main advantage of this method is that it is capable of producing a 

product of minimum weight. 

2.3.3 Compression Molding 

 Compression molding is the most common technique for producing different types of 

composite products. On a fundamental level, a compression molding machine is a type of vertical 

press containing two molding halves (upper and lower). The closed molding process requires the 

application of very high pressure. As shown in Figure 6, two coordinated metal molds are utilized 

to fabricate the composite.  

 

Figure 6. Compression molding method [21] 

Generally, in this technique, the base plate is stationary, whereas the upper plate is movable. The 

whole unit consisting of reinforcement and matrix are placed in the metallic mold and transferred 
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to a compression molder. According to the manufacturer’s requirements, heat and pressure are set 

to limits over a period of time. Due to the high temperature and heat, the material which is placed 

in the metallic molds flows into the mold cavity and attains its shape accurately. Curing, which 

can be done at room temperature, is done before the mold is opened. After the curing process is 

complete, the mold in the cavity is opened and the product is removed. The removed product is 

allowed to be exposed to room temperature before further processing [20].  

In principle, a hydraulic mechanism is used to apply pressure in the molding process. The 

controlling specifications in the molding process are necessary in order to develop the superior 

and required properties of the composite, as shown in Figure 7. Three parameters—pressure, 

temperature, and time—are the most important factors that must be optimized effectively to obtain 

a perfect composite, because all parameters are dependent on each another, e.g., if the applied 

pressure is not adequate, then a low interfacial adhesion forms between the fiber and the grid. If 

the applied pressure is relatively high, then this leads to the breakage of fiber and leakage of 

excessive resin from the system. If the temperature is lower than required, then high viscosity of 

the polymers leads to low wetting. And if the temperature is very high, then this may lead to a 

change in the fiber properties.  

 

Figure 7. Critical process parameters of compression molding method [21] 
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In addition to these three factors, other parameters affect the molding process, i.e., mold 

wall heating, time of demolding, and rate of closing for the two matched plates. The raw materials 

used to fabricate composites using the compression molding process are shown in Table 2. 

TABLE 2 

RAW MATERIALS USED IN COMPRESSION MOLDING PROCESS [21] 

Materials Used 

 

Matrix 

 

Thermosetting: epoxy, urea formaldehyde, polyester, polyurethane 

resin, polyvinyl ester, unsaturated polyester 

Thermoplastic: polypropylene (PP), polyethylene (PE), nylon, 

polycarbonate (PC), polyvinyl chloride (PVC), polyether ether 

ketone (PEEK), acrylonitrile butadiene styrene (ABS), polystyrene 

(PS), biodegradable polymers such as polylactic acid (PLA), 

polyvinyl alcohol (PVA), soy-based plastic, starch-based polymers 

Reinforcement Glass fiber, aramid fiber, natural plant fiber, carbon fiber (all of which 

can be in many forms: unidirectional mat, bidirectional mat, 

randomly oriented mat, chopped fibers, stitched fabric) 

 

2.4 Coatings 

Today, aircraft coatings plays an important role in the aviation industry because paint 

makes a statement about the person who owns the aircraft. Progress in the last 50 years relative to 

aircraft coatings has primarily been concerned with enhancing the level of protection from the 

environment. This has become demanding with the innovation of metal coatings. Most aircraft 

with  the Royal Australian Air Force are now painted with a superior defensive paint comprised 

of an epoxy primer and polyurethane top coat. The whole frame coating system is between 50 and 

125 micrometers, where the epoxy primers are more adherent to atmospheric affects and the 

polyurethane coatings are flexible and resistant to both weather and chemicals [22]. 

The coating system usually includes a pre-surface treatment, which is currently considered 

the most cost-effective process for protecting composites from harsh environmental conditions. 
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Figure 8 shows the different coatings on various parts of an aircraft. A wide collection of materials 

and finishes are utilized to ensure the protection and appearance of an aircraft. “Paint” is 

considered a part, which includes lacquers, primers, enamels, and various finishing formulas. Paint 

is generally comprised of three parts: resin used as a coating material, pigment used for color, and 

solvents used to decrease the workable viscosity. Coating a part involves various parameters, such 

as finishing materials, identification of paints, methods of applying finish, finishing equipment, 

miscellaneous paint tools and equipment, and preparation of surfaces. 

 

Figure 8. Coatings [23] 

2.4.1 Finishing Materials 

In aircraft finishing, various finishing materials are used: acetone, methyl ethyl ketone 

(MEK) , methyl chloride, turpentine, thinners, and primers. Acetone, a strong solvent, is used for 

thinning various resins such as fiberglass, polyester, and vinyl, and also a  few adhesives. For metal 
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preparation and removing grease, acetone is known as a heavy-duty degreaser for the fabric 

covering prior to doping. MEK, a highly flammable liquid solvent, is used as a thinner in paint and 

primer, a catalyst in polyester resin hardening, and an adhesive. The advantage of MEK is its 

evaporating rate as a solvent, which is used to reduce emissions from coating operations. Methyl 

chloride, a colorless solvent, is completely volatile in the company of a wide variety of other 

solvents. Turpentine, usually obtained from pine trees by the distillation of its wood, is flammable 

and can be used as a thinner because it is a water-insoluble liquid solvent. Turpentine is primarily 

used for cleaning oil-based paint brushes and equipment. 

Primers are referred to as the foundation of the finish. Their main purpose is to bond to the 

surface and act as a protectant for the finish coats. Primer pigments are either passivated or anodic 

to the metal surface. Various types of primers used in the aircraft industry are as follows: 

 Wash Primers: The main purpose of these primers, which contain phosphoric acid in 

solutions of vinyl butyl alcohol resin solutions, is to passivate the surface, act as an 

adhesive base for further coating, and provide temporary corrosion resistance.  

 Red Iron Oxide: This resin-based coating is generally used on iron and steel but  not often 

in the aviation industry. 

 Grey Enamel Undercoat: This non-sanding primer, which is used to fill minor imperfections 

and has a high corrosion resistance, can accommodate a wide range of top coats.  

 Urethane:  This two-part product, which is used as a curing product by employing a chemical 

activator and linking the molecules together for a whole new product, is generally applied 

over wash primers for good results. 

 Epoxy: This engineered thermosetting resin, which produces extremely hard, synthetic safe 

coatings and adhesives, utilizes a catalyst to synthetically actuate the product, yet it is 
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definitely not considered unsafe because it contains no isocyanates. Epoxy can be utilized 

as a non-sanding primer/sealer over uncovered metal and is gentler than urethane, with 

tremendous chip resistance. It is prescribed for use on the steel tube outline of an aircraft 

before the fabric cover is installed. 

2.5  Methods of Applying Finish 

The most common methods in which a finish can be applied are the following: dipping, 

brushing and spraying. 

2.5.1 Dipping  

Dipping is one of the most established and least-difficult film deposition strategies. This 

process serves as the connection between the structure, properties of the fluid, and the 

microstructure of the deposited film. Even though no legitimate model for the dip coating process 

has been acquired yet, the increasing learning empowers the controlled fabrication of different thin 

film microstructures from thick to order porous. Accordingly, film thickness is dictated by the 

competition between surface tension, gravity, and consistency. In numerous frameworks, the 

quicker the substrate is detached, the thicker the film is achieved. On the other hand, an even 

thicker layer may be acquired if the “capillarity regime” is enforced, where a low withdrawal pace 

is utilized. The dissolvable vaporization turns out to be more rapid than the development of the 

drying line, thus prompting a regular supply of the upper part of the meniscus and eventually a 

thicker layer [24], as shown in Figure 9. 

The dipping process generally involves three stages: 

 Immersion and Dwell Time: Here, the substrate is immersed in the solution at a steady rate 

followed by a specific quarter time in order to obtain a good wetting property with the 

interaction time between the coating solution and the substrate. 
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 Drainage and Deposition: Then, the product is pulled upwards at a constant speed to create 

a thin layer deposition. 

 Evaporation: Last, the fluid is evaporated with the help of a solvent, which is promoted by 

drying. Later on, the product may be subjected to heat treatment in order to burn out any 

residual organics. 

 

Figure 9. Dipping process [24] 

2.5.2 Brushing 

Brush coating is commonly used when spray coating is not possible. This method of 

applying a finish is used for small repair work. First, the thinning of the material is properly done 

in order to obtain a good consistency for brushing. In the case when the material is too thin, the 

coating runs all over the surface but fails to cover the surface adequately, whereas when the 

material is too thick, the chance to pull under the brush is greater.  

2.5.3 Spraying 

 Spraying is one of the most favored strategies for achieving a quality finish. Spraying is 

utilized to cover extensive surfaces with a uniform layer of material and is the most economical 

technique of application. All types of spray systems are basically similar. Generally, there are two 

main types of air-supplied spray gun equipment—gravity-feed and high-volume low-pressure 
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(HVLP)—as shown in Figure 10. Equipment for painting limited small areas involves a spray gun 

with an integral paint container, as shown in Figure 10(a). Painting large areas involves pressure-

feed equipment, as shown in Figure 10(b), which ensures that a large supply of finishing material 

can be sprayed without having to refill the paint container regularly. In both systems, the upper 

control knob controls the air flow by adjusting the spray pattern of the spray gun, as shown in 

Figure 11. 

   
(a)       (b) 

 

Figure 10. Spray guns: (a) gravity-feed and (b) high-volume low-pressure [26] 

 

Figure 11. Adjustable spray pattern  [26] 

There should be an adequate source of compressed air and a feed tank to maintain the 

supply of the finished product. In addition, a device is used to control the combination of air and 

the final product, which are ejected into an atomized cloud. The above requirements can be met 
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with the help of a self-contained pressurized spray. This device can provide satisfactory results by 

painting the required components and touching up small areas. Therefore, spraying is considered 

an extremely fast and economic technique for painting. Its major drawback is paint loss as the 

result of over spraying; however, this loss can be overcome by using HVLP equipment. A wide 

range of industrial advantages include rapid application of paint, uniformity in the finish, and 

control in the film thickness. Although this process is easy to use, it requires some skill and 

experience. The application of this method is decided by the nature of the coating to be used and 

the proficiency of the operator. The basic principle for application of the spray is to atomize the 

paint into a fine and well-directed spray onto the product to be coated [25]. 

An advantage of a spray gun is its lightweight and flexible nature, which allows it to spray in any 

direction with constant pressure. In order to produce optimum results, the air supply to the spray 

gun should be free of water. To avoid water or oil drops, suitable water traps and filters should be 

mounted onto the air supply and inspected regularly [26].   

The spray gun must be held in such a way that it should be at least eight inches from and 

perpendicular to the surface that has to be painted. First, the trigger must be pulled for the air to 

pass through the main cap and start moving across the panel. The trigger should not be squeezed 

fully before reaching the point to start painting. Once the painting point has been reached, the gun 

should be moved at a rate of one foot per second over the entire unit [26]. Then the trigger should 

be released to avoid the paint from flowing out of the nozzle without disturbing the air flow, as 

shown in Figure 12. Runs and sags in the finish can be avoided by maintaining constant pressure 

with a constant air flow, which avoids the buildup of paint at each pass. The perfect spray can be 

obtained when the sequence of application is maintained: moving backward in the direction of the 

actual spray and overlapping the initial pass by at least 50%. This process is accomplished properly 
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by aiming the gun at the center of the pattern’s outer edge and then continuing to overlap it with 

each continuous pass of the spray gun [26]. 

 

Figure 12. Proper spray application [26] 

2.6 Coating Degradation and Failure 

Because coatings are prone to a wide variety of exposures, it is very important that the 

paint coating plays an important role in protection from exposure. The general reasons for paint 

failure are as follows: 

 Selection of coating system 

 Formulation-related failures where the failure occurs within the coating itself 

 Adhesion-related failures 

 Surface-related failures 

 Exterior failures 

 Poor surface preparation failure 

 Failure due to improper design of the structure itself. 



22 

The mechanism of coating degradation can be explained as follows: 

 UV light, which can be absorbed by coatings, excites the polymer, raising the energy level; 

this must be eliminated for a better coating durability. 

 The energy absorbed breaks the primary polymer bonds, thus creating free radicals, and a 

chain reaction begins, which results in degradation if the UV exposure continues.  

Coating degradation is the change in properties such as color and tensile strength under the 

influence of many environmental factors such as UV light, moisture, oxygen, or chemicals, as 

shown in Figure 13. UV light breaks the polymer chains, thus leading to chemical composition of 

the polymer. The main factors influencing the durability of coatings are sunlight, moisture, and 

heat, and when combined, the resultant damage is much more serious than that from each factor 

individually. UV light along with oxygen and water causes slow degradation of many organic 

polymers found in coatings. Another major contribution in degradation of coatings is moisture 

absorption. Many studies have helped to decrease moisture absorption, such as super hydrophobic 

coatings that result in moisture regression. The moisture diffusion generally begins by analyzing 

the Fickian diffusion for moisture uptake for a single homogeneous material. The moisture content 

reaches a maximum stage when the surrounding humidity levels are high. 

 

Figure 13. Coating degradation [26] 
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2.6.1 Adhesion-Related Failures 

2.6.1.1 Blistering 

Blistering is a common type of failure when the coating is immersed in water. The rate at 

which the molecules of water passes through the molecular spaces in the coating is known as the 

moisture vapor transmission (MVT) rate. At a point when the adhesion is poor, the coating is 

detached from the substrate due to the formation of blisters [27],  as shown in Figure 14. 

 

Figure 14. Blistering [28] 

The common causes of blistering may be summarized as: 

 Improper solvent 

 Poor surface preparation 

 Poor wetting between coating and substrate 

 Salt contamination 

Blistering occurs on coatings that dry up quickly, specifically those that are exposed to the 

sun or any heated environment. In addition, blisters are formed due to entrapped solvents, whereby 

when the coating temperature is raised, the rate of solvent diffusion is slower than the rate of 

formation of vapor, so the chance of blistering is high. Blistering can be reduced and prevented 
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when the surface adhesion is good with low moisture vapor transfer. A complete prevention of 

blistering has been proven after performing several hundred coating tests after a proper surface 

preparation [27]. 

2.6.1.2 Intercoat Delamination 

Intercoat delamination occurs when one coat is bonded to another coat or is applied as a 

maintenance coat over a period of time. The reason behind this delamination is the coating itself. 

Coatings that require oxygen or moisture for the process of curing are generally considered air-

reactive coatings and tend to behave internally due to the performance of catalysts or resins, which 

are reactive, thus becoming prone to this kind of failure [29]. 

 Generally, in the case of air-reactive coatings, the surface quickly becomes insoluble and 

denser because of the quick absorption of water or oxygen. In the case of internally reactive 

coatings, unlike that of air-reactive coatings, the coatings tend to behave as insoluble and dense. 

The common issue regarding both coatings is that they are insoluble in the original solvents in the 

liquid coating. Other coatings, such as solvent-less coatings, are also prone to intercoat 

delamination. Here, the second coat that is applied on the initial coating should be applied only 

when the initial coating has been totally cured with the help of internal or external media. 

 Temperature plays a vital role in the application. Because curing reactions are purely 

dependent on temperature, the greater the temperature, the more quickly the second coat must be 

applied on top of the initial one. Coal tar epoxy coatings have unique problems of intercoat 

delamination. In addition to the initial internal curing of the coating, external coatings also 

experience intercoat delamination, as shown in Figure 15. Although curing of coating has not 

reached a level of insolubility, due to exposure of the coating to rain, condensation, and moisture 

with respect to the second coating, intercoat delamination is inevitable.  
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Figure 15. Intercoat delamination [31] 

In other cases of coal epoxy coatings, if the coatings are applied while exposing them to 

sunlight, then intercoat delamination can arise due to the high temperature and synthesized rays of 

the sun. This causes the surface to cure way above the point where much better adhesion between 

the initial and second coats can develop. Whenever any of the two conditions arise and the second 

coat is applied on the insoluble coat, there is a positive intermix between the coats. Whenever 

coatings are exposed to moisture, delamination occurs due to the penetration of moisture into the 

interface [30]. 

 Vinyls, chlorinated rubbers, and acrylics fall under the category of lacquer-type coatings, 

which do not tend to experience this kind of failure because they are reactive-type coatings. These 

coatings are permanently soluble in self-solvents, allowing the second coating to liquefy in the 

initial coating, which reduces the chance of interference between the initial and secondary 

coatings. In addition to all causes mentioned above, delamination also results in contamination of 

the initial coating before the second coat is applied. This contamination is caused by exposing the 

coating to moisture, fumes, oil, and grease. Care should be taken to stop the coat from becoming 
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contaminated during application. In some cases, as in the application of coatings to tanks, where 

there is high risk of contamination, usage of a very fast-drying lacquer coating and vinyl is 

necessary. In order to obtain positive results, the second coat should be applied as quickly as 

possible after the initial coating is finished. 

2.6.1.3 Undercutting 

Undercutting is another type of adhesion failure associated with the continuous penetration 

corrosion that occurs beneath the coating as the result of uncovered spaces, such as pin holes in 

the coating film or any unprotected edges. This type of failure occurs only when a coating is 

applied over a mill scale. Similar to a lacquer coating, undercutting occurs when moisture and 

oxygen penetrate the coating, thus leading to counter with the scale, which in turn tends to lose 

adhesion. This condition finally leads to progressive corrosion underneath the coating, as shown 

in Figure 16. Whenever adhesion is critical, such as coatings over smooth and dense surfaces, 

failure occurs. This type of failure can be prevented by regular surface penetration with respect to 

application of the coating and using a coating that has strong adhesion properties [32] . 

 

Figure 16. Undercutting failure [30] 
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One of the most applied techniques for avoiding undercutting on steel surfaces is usage of 

an inorganic zinc coating, which is employed as a permanent primer before application of the 

organic coating. The inorganic binder provides strong adhesion and prevents undercutting, which 

is a valid property of almost all organic paints. This coating system is widely used because it has 

proven to be successful on millions of square feet of surface when continuously exposed to 

industrial conditions. 

2.6.1.4 Peeling  

Peeling is regarded as a coating failure generally caused by the higher tensile strength of 

the coating compared to its bond strength. Years ago this the typical reason for the failure of vinyl 

coatings, as shown in Figure 17.  

 

Figure 17. Peeling due to moisture [34] 

This problem has been resolved with the help of vinyl primers that possess superior bond strength 

when applied to abrasive blasted surfaces. Like flaking, peeling has a tendency to be connected 

with delicate and malleable new coatings that can be pulled away from or suddenly flake far from 
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the substrate or from between coats, as the result of bond loss. Any coating that possesses low 

bond strength to substrate tensile strength will peel away from the surface. Peeling can be 

prevented by using a proper coating system and specifications adapted to uncontaminated surfaces 

[33]. Surfaces that are in danger of peel off can be repaired by removing all delicate and malleable 

coating back to the aggregate, and then scraping, cleaning, and applying an appropriate coating 

system according to manufacturer specifications. 

2.6.1.5 Flaking and Scaling 

These two identical types of failures are adhesion related. Generally, flaking is best 

described by a phenomenon where modest pieces of coating isolate themselves from the surface 

of the substrate, as shown in Figure 18.  

 

Figure 18. Flaking [34] 

This type of failure is commonly seen on wooden surfaces, such as fences, and appears only when 

oil paints have been oxidized for too long a duration and on galvanized metal surfaces. The main 

reason behind flaking is the result of using an incorrect paint system or improper pretreatment for 

different substrates, such as non-ferrous substrates. When alkyds are used as a coating for 

galvanized surfaces, they gradually age and oxidize to the point where the films shrink 
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considerably and pull themselves away from the surface. Flaking or low bond strength that allows 

the formation of zinc soap between the organic coating and zinc substrate is due to the interfacial 

chemical reaction. The possible solution to prevent flaking here is to scrape and sand with a wire 

brush, which helps to remove the loose and peeling paint. Wood should not be exposed to weather 

before a coating is applied [30]. 

Scaling is very similar to flaking, but the pieces that fall away from the surface are 

relatively larger. Here the coating may crack into large pieces due to long and continuous stress 

and curl. Coated and galvanized surfaces face this type of failure. A very old coating, when applied 

with a new coating faces this type of failure (scaling). If a coating is measured for its thickness in 

terms of scaling, the measurement will be almost zero, indicating that only the gamma layer is 

present on the material.  

A summary of adhesion-relation failures is shown in Table 3. 

TABLE 3 

 

SUMMARY OF ADHESION-RELATED FAILURES [32] 

 

Coating  

Failure 

Failure 

Appearance/Location 

Cause of  

Failure 
Remedy 

Blistering Liquid or gas with 

hemispherical bubbles 

Poor surface preparation; 

poor wetting; internal 

soluble materials 

Using coatings with strong 

adhesion characteristics, or 

coatings with moisture-vapor 

transfer rate 

Peeling Smooth coating or 

coating lying on 

surface 

Tensile strength of 

coating is greater than 

adherence 

Using coatings with strong 

adhesion; properties, carefully 

coating a clean blasted surface 

Flacking or 

Scaling 

Small to large pieces 

of coating 

Coatings are brittle with 

marginal adhesion 

Using coatings with strong 

adhesion characteristics; using 

coatings with moisture-vapor 

transfer rate, primer compatible 

with zinc for galvanizing 

Intercoat 

Delamination 

Between coats No compatibility between 

top coat and bottom coat 

Selecting coating that is 

compatible between coats; 

cleaning undercoat before 

further application 

Undercutting Corroded coating at 

breaks and edges 

Surface contamination 

leading to poor adhesion 

Using high-adhesion coating; 

using inorganic zinc coating 
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2.7 Surface Treatments 

Wu [35] found that mechanical forces can be transferred across the interface when two 

dissimilar bodies are held together by intimate interfacial contact. The mechanical properties of 

the interfacial tension and the two bulk phases determine the mechanical strength of the system. 

To increase the surface roughness or surface energy, various surface preparation methods can be 

utilized, the main aim of which is to increase stronger bonds and to increase the surface wettability, 

or adhesion. Surface preparation primarily includes cleaning and removing dirt or other 

contaminants from the surface. Additional steps like mechanical abrasion, wet chemical etching, 

or plasma activation are used to achieve a stronger adhesion.  

Previously, degreasing a surface involved wiping it with a cloth saturated with solvents 

such as trichloroethylene and perchloroethylene. Since these chemicals are toxic in nature, the 

degreasing task must be carried out in a well-ventilated work environment [36].  In the aerospace 

industry, nylon or polyester peel ply was used in the surface preparation of composites during the 

fabrication process to adhere to the surface during its manufacturing process. The main drawback 

of this process was that when the plies dry, they leave a fiber residue on the resin surface [35] [37]. 

Residues from lubricants applied to  the bonding surfaces create fluorine and silicone, which when 

diffused into the resin matrix, damage the surface as well as inner fibers of the composite. For this 

reason, there is a need for mechanical abrasion following the peel ply removal. Mechanical 

abrasion such as sand blasting is used in traditional surface treatments. The current procedure for 

mechanical abrasion uses grit blasting, whereby a propelled stream of abrasive material using high 

pressure changes the surface topography. Previous work has proven that surface roughness is 

increased by sanding [38]; however, the main drawback of this process is that abrasion leaves loose 

particles on the surface, which requires further surface preparation, such as solvent cleaning. 
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 Another way to change the surface roughness and promote better adhesion is by creating a 

chemically active bonding surface using liquid or gas phase processes. The liquid phase uses strong 

oxidants, unfortunately generating a single type of functional group with a tendency to over etch 

and damage the surface of the substrate [39]. Gas phase surface treatments use UV light, electron 

beams, and plasma discharge to enhance the oxidation of the polymer surfaces.  

The aerospace industry has been using carbon fiber/epoxy composites as structural 

materials for many years. Composite surface treatments in different industries are prepared 

differently, based on the surfaces being subjected to the process. The surface free energy for 

polymer resins is as low as 45 Mj/m₂, which leads to poor adhesion properties of surfaces. For this 

reason, there has been a growth in the development of surface treatments for better adhesion of 

polymer materials, including sanding, corona discharge, plasma treatments, and UV treatment. 

Dry or wet pretreatments have been shown to improve polymer adhesion. The aim of surface 

pretreatments is to improve the surface free energy thus producing a stronger bond between the 

coating and the surface. Because carbon reacts with oxygen at temperatures of 450° Celsius and 

above, it is crucial that these composites be protected from oxidation [40]. The general 

classification of surface treatments is depicted in Figure 19.  

 

Figure 19. Classification of surface treatments [41] 
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The main advantages of surface treatments are summarized are discussed here. Removal 

or prevention of the weak boundary layer is the main advantage of surface pretreatment. These 

types of boundary layers include surface contaminants such as grease, oil, and finger marks. On 

metallic substrates, the weak boundary layers are known as plasticizers, which drift to the 

polymeric surfaces and release agents in the process of composite manufacturing. The degree of 

contact of the adherend surface is optimized with the proper surface pretreatment process, such as 

chemical modification. Most metal surfaces are prone to react with adhesives as well as 

atmospheric contaminants, and they must be protected. Pretreatments helps to shield the adherend 

surfaces before bonding, and care should be taken to bond the adherend a few hours after 

pretreatment. Pretreatments roughens the surface by altering its profile in order to produce a 

distinct adherend surface topology [42]. The main types of surface treatments, as shown previously 

in Figure 19, are classified into the following groups: 

 Cleaning/Degreasing: The first and foremost important aspect before coating or bonding 

is removal of organic materials such as grease and oil from the adherend surfaces. 

Cleaning by wiping, dipping, or spraying can be achieved on adherend surfaces. The 

loose soil from the adherend can be removed with a clean brush or air dried. 

 Surface Roughening: The usage of abrasive materials on the adherend removes unwanted 

layers, and roughens the surface texture. 

 Chemical Treatment: Immersing the adherend in a solution with the power to etch or 

dissolve it makes the surface chemically active.  

 Physical Treatment: This type of treatment involves cleaning and chemically modifying 

the surface of the adherend by exposing it to excited charges or species. Techniques include 

corona discharge, plasma treatment, and UV exposure.  
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The above-mentioned types of pretreatments are generally summarized into three 

categories, as listed in Table 4, and the surface-treatment technologies are summarized in Table 5. 

TABLE 4 

CLASSIFICATION OF PRETREATMENTS [41] 

 

 

 

 

 

 

TABLE 5 

 

SURFACE TREATMENT TECHNOLOGIES [41] 

 

Technique Process Types 

Abrasion Mechanical 
Dry or wet blasting, hand or 

machine sanding 

Solvent Cleaning Physical and Chemical 
Wiping, immersing, spraying, or 

vapor degreasing 

Water-Based Cleaning Physical Multi-step power washing 

Chemical Etching with Acids 

or Bases 
Chemical 

Immersing, brushing, rinsing, 

spraying 

Chemical Primers Chemical 

Solution application of 

polyurethanes, acrylates, 

chlorinated polymers 

Flame Treatment Thermal and Chemical 
Flat films or three-dimensional 

configurations 

Corona Discharge Electrical and Chemical 
Conductive and dielectric 

substrates 

Gas Plasma Electrical and Chemical 
Film or three-dimensional 

applications 

UV and UV/OZONE Electrical and Chemical Film applications 

Evaporated Acrylate Coating Physical and Chemical Used for webs and films 

Fluorination Chemical Eliminated fluorine  

Electrostatic Discharge 

Control 
Electrical 

In the form of charge dissipation 

or charge neutralization 

Mechanical Chemical Physical 

Aluminum Grit Blasting Solvent Cleaning Plasma 

Cryoblasting Detergent Washing Corona Discharge 

Soda Blasting Acid Etching Flame 

Peel Ply Anodizing Excited Laser 
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2.7.1 Plasma Treatment 

 Fiber-reinforced composites are lightweight and have high strength, high toughness, and 

good electrical conductivity. Due to these material properties, carbon fiber-reinforced composite 

(CFRC) is used in a wide variety of applications. Plasma treatment is known as a non-aqueous 

surface modification process and has been widely studied to improve the wettability or 

hydrophobicity of materials. Due to the very expensive vacuum system used in plasma treatment, 

much attention has been paid to plasma treatments that are operated by atmospheric plasma. 

Atmospheric plasma uses a plasma generated by a radio frequency (RF) glow discharge at room 

temperature. The RF glow discharge contains free radicals, positive and negative ions, electrons 

and metastable molecules, and UV radicals, which have the energy to break the chemical bonds in 

substrates, thus improving their surface adhesion properties.  

 A plasma is known as an electrically neutralized ionized gas, which can be hot or cold. In 

hot plasma, the gas temperature usually ranges from 5,000 to 50,000 degrees Kelvin, and the 

electron energy Te is in equilibrium with the ion energy Ti. With so much OH high gas temperature, 

the gas definitely damages the surface of the substrates. For this reason, most industrial plasmas 

are weekly ionized [43]. 

Plasma that reacts with the free radical formed on the carbon fiber surface results in the 

formation of surface functional groups such as –OH, -COOH, etc. The main aim of atmospheric 

plasma treatment in this research is to increase the surface energy, increase the hydrophilicity, 

improve the chemical inertness, and remove any weak boundary layers or contaminants by 

increasing the surface morphology [44]. 

The adherent surface is cleaned with plasma, which is known to be an excited gas 

containing atoms, molecules, electrons, and ions. Different types of plasma treatment use various 
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gases, such as argon, nitrogen, oxygen, and ammonium. Corona discharge, which was invented by 

Danish engineer Verner Eisby, is the widely-used plasma treatment whereby plasma is created in 

air at atmospheric pressure. The plasma stage is achieved when at each stage of the process, energy 

is added, thus changing the sequence from solid to gas and liquid to gas. The gas becomes ionized 

and reaches the plasma stage when additional energy is added to the gas phase [45], as shown in 

Figure 20. Studies have shown that plasma treatment removes contaminants that are present on the 

surface of polymers [46]. Figure 20 shows the mechanism of plasma cleaning. A plasma is 

generated by exposing the feed gas to an electrical field, which when exceeded, free electrons and 

ions are generated. The plasma cleaner used in this research was a Harrick Plasma cleaner, which 

has a maximum RF power of 18 W. 

 

Figure 20. Plasma cleaner mechanism [45] 

 

2.7.2 UV Treatment  

 UV treatment is mainly used to clean the surface and remove surface contaminants. The 

removal of many contaminants from the surface leads to better adhesion properties and an increase 

in surface energy, which results in better adhesion properties between the substrate and the coating.  
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In 1972, Bolon and Kuntz proved that UV light has the ability to depolymerize a wide 

variety of photoresist polymers [47]. Polymer film samples several thousand angstroms thick were 

treated with UV light and depolymerized in less than one hour. Water and carbon dioxide were 

found to be the major products in the depolymerization.  

In 1974, Sowell described a process of UV cleaning in air and in a vacuum system [48]. 

Sowell observed that a clean glass surface was obtained when it was exposed to UV for 15 hours. 

During treatment, it was observed that there was a gradual decrease in oxygen, while carbon 

dioxide and water increased. Sowell also observed that the surface cleanliness can be maintained 

by storing the clean surfaces under UV light.  

Vig described a series of steps in determining the optimum conditions for producing clean 

surfaces by UV radiation for less than one minute [49]. Recent research shows that the most 

effective cleaning can be achieved by UV and plasma treatment in a wet type cleaning system. 

Organic compounds found as contaminants on the substrate are able to be removed. UV light with 

a shorter wavelength has an excellent cleaning capability when treating solid surfaces. The main 

mechanism involved in UV cleaning is shown in Figure 21. 

 

Figure 21. UV radiation mechanism [49] 
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2.8 Contact Angle  

Contact angle can be defined as the angle formed between the surface of the liquid and the 

contact surface of the liquid on the solid, when an interface occurs between a liquid and a solid. 

This angle is resolved by the solid and liquid properties and the contact and repulsion forces 

between them by the three phase interface properties [50], namely gas, solid and liquid, which  are 

well explained by cohesion and adhesion forces. The concept of wettability of a solid surface and 

the expressions that are used to find the contact angle of a water droplet can be stated with the help 

of two different equations, using Wenzel and Cassie-Baxter models and Young’s equation. As a 

rule, wettability concentrates include the estimation of contact angles as the essential information, 

which shows the level of wetting at the point when a solid and liquid interface occurs. Small 

contact angles (<<90°) relate to high wettability, while substantial high contact angles (>>90°) 

relate to low wettability. Spreading is the case where the contact angle is 0°, which indicates 

complete wetting, as shown in Figure 22 [51] . 

 

Figure 22. Contact angles formed by sessile liquid drops on smooth homogeneous  

solid surface [51] 

 

2.8.1 Young’s Equation 

The most widely recognized technique for estimation includes viewing the profile of the 

liquid drop and measuring the two-dimensional angle between the solid and the liquid drop with 

the vertex at the three-stage line, as shown in Figure 23. 
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Figure 23. Young’s equation [51] 

Young’s Equation is utilized to show the collaboration between cohesion and adhesion [52]. The 

wettability of a solid surface can be expressed by the contact angle of a water droplet as given by 

Young’s equation:  

 γsv – γsl= γlvcosθ (1) 

where γlv is the interface of the liquid and vapor phases, γsl is the interface of the solid and liquid 

phases, γsv is the interface of the solid and vapor phases, and θ is the water contact angle. 

Young’s equation holds true only in terms of ideal conditions, i.e., on smooth solid 

surfaces, and does not work on rough surfaces. Surface roughness on a material is the result of 

imperfections, which tend to a super hydrophobicity surface wetting behavior [53]. Young’s 

equation is a commonly used and simple equation, but there are some difficulties with this equation 

because of theories of the surface tension of solid-vapor and solid-liquid phases. This difficulty is 

overcome with the help of the Young-Dupré equation, which explains the reversible work of 

adhesion of the liquid-solid and is related to the surface tension of liquid-vapor phases and the 

contact angle [53]: 

 WA= γlv (1−cosθ) (2) 
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where WA is the reversible work of adhesion of the liquid to the solid when coated with an 

adsorbed film of the saturated vapor.  

In addition to Young’s equation, there are few different ways to measure the contact angle: 

Wilhelmy plate method, static contact angle method, tilting plate method, and add and remove 

volume method. 

2.8.2 Wilhelmy Plate Method 

The Wilhelmy plate method is one of the decent methods for measuring the contact angle. 

It involves lowering a plate into a test liquid and then removing it and, in doing so, measuring the 

force on the plate. This strategy is more complicated than the sessile drop technique, because it 

requires large volumes of fluid, does not decide heterogeneity, and requires that the strong 

specimens be manufactured to demanding measurements and have two identical surfaces. It 

additionally requires a precision force scale. The capillary rise on a Wilhelmy plate is used to 

capture the contact angle by calculating the height of the meniscus, which is created when the plate 

is slightly immersed [54]: 

 sin (θ)=1−ρgh2/2γ  (3) 

where h is the height of the meniscus formed, γ is the surface tension of the liquid (N/m), ρ is the 

density of the liquid (kg/m3), θ is the contact angle of the liquid on the solid (º), and g is the 

gravitational acceleration (9.8 m/s2). 

2.8.3 Static Contact Angle Method 

This is the most widely recognized type of contact angle measurement, which involves a 

solitary reading on a static sessile drop soon after its creation. When thermodynamic equilibrium 

is reached between the solid, liquid, and gas phases, then a static contact angle is obtained, as 

shown in Figure 24. The static contact angle provides important data about the properties of the 
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surface. Any Ramé-hart instrument can be utilized to obtain the static contact angle. Contact angle 

is regularly used to quantify cleanliness. Natural contaminants will avert wetting and result in 

higher contact angles on hydrophilic surfaces. As a surface is cleaned and treated to eliminate 

contaminants, the contact angle will be decreased as the wetting improves [52]. 

 

Figure 24. Static contact angle [52] 

If the contact angle is measured while the drop is in motion, then it is considered to be a 

dynamic contact angle measurement. Adding and removing volume-type contact angle 

measurements and tilting plate contact angle measurements falls under the category of dynamic 

contact angle measurements. 

2.8.4 Tilting Plate Method 

Contact angle estimations on the left and right sides of a sessile drop while the solid surface 

is slanted normally from 0° to 90° can be obtained with the help of the tilting plate method. 

Whenever a surface is in an inclined position, gravity causes the contact angle on the declining 

side to increase and the contact angle on the uphill side to decrease. These contact angles are 

referred to as advancing and receding angles, as shown in Figure 25. The contrast between them 

is the contact angle hysteresis. In different cases, the liquid drop will move off the solid as wetting 

occurs at the roll-off angle [52]. The final legitimate readings are noted and considered to be 
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advancing and receding contact angles, while in other cases, the solid can move to 90° without 

releasing the drop. In that case, final left- and right-sided contact angles are used. 

 

Figure 25. Sessile drop when solid is placed in inclined position [34] 

2.8.5 Add and Remove Volume Method 

Another approach to obtain advancing and receding contact angles is the add and remove 

volume method, which typically requires adding volume to the drop to the most extreme volume 

allowed without expanding the three-phase line, as shown in Figure 26. The obtained maximum 

contact angle is referred to as the advancing angle. Volume is then expelled from the drop. At the 

point when the most extreme volume that can be expelled without reducing the three-phase line is 

achieved, the subsequent contact angle is measured. The angle obtained is the receding angle. 

When the receding angle is subtracted from the advancing angle, the resultant angle is refered to 

as contact angle hysteresis. The hysteresis portrays surface topology and can evaluate 

contamination, surface synthetic heterogeneity, and the impact of surface treatments, surfactants 

and different solutes. This strategy creates great outcomes for deciding the advancing angle [52]. 

However, it is difficult to read the receding angle utilizing this strategy, because the needle that 

must be imbedded in the liquid drop to expel the volume is likewise disturbing the geometry of 

the drop. Therefore, a different method, namely the evaporating method, is used to capture the 

receding contact angle. In this method, the drop is measured in regular intervals as the drop volume 
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evaporates. Whenever there is a reasonable reduction in the three-phase line with respect to 

dewetting, the receding contact angle is measured. 

 

Figure 26. Add or remove volume method [34] 
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CHAPTER 3 

MATERIALS AND METHODS 

 

 

3.1 Materials 

 During the research work, many materials were selected and used depending upon their 

application and properties. Although several materials are in existence, composites were used in 

here because of their high stiffness, toughness, and strength. Generally, aircraft structures are 

designed based on a strength-to-weight ratio factor. The main reason for using fiber composites is 

that they possess high strength at a low weight. All instruments discussed in this chapter were 

calibrated prior to their use, and the materials were used without any further purification. 

3.1.1 Carbon Fiber-Reinforced Composite 

Carbon fibers are very well-known kinds of fibers utilized in making composites because 

of their high tensile strength-to-weight ratio and high thermal conductivity. They also possess high 

strength and fatigue. Due to its properties and low material weight, carbon fiber-reinforced 

composites are very expensive. A carbon composite laminate is shown in Figure 27 

 

Figure 27. Carbon composite laminate 

Carbon fiber composites are primarily used in the aviation industry. The major drawbacks 

of carbon fibers are high electrical conductivity and low impact resistance. Carbon fiber-reinforced 
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composites use carbon fiber as the primary structural component and thermosetting resins such as 

epoxy. In this research, a carbon fiber-reinforced polymer (CFRP) laminate was manufactured 

using a hand lay-up process with the combination of pre-impregnated carbon fibers which were 

taken from the Wichita State University (WSU). The laminate was then cut into 2-by-4-inch 

samples at the WSU machine shop. 

3.1.2 Vacuum System 

The composites were manufactured using an autoclave method where the prepreg sheets 

of continuous multi-patterned fabric were hand laid up and kept for debulking by using the vacuum 

bagging method, as discussed previously in Chapter 2. The vacuum pump used in the 

manufacturing process is shown in Figure 28. The vacuum and compressed air system used in this 

research is found in WSU bay area.  

 

Figure 28. Vacuum pump 
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3.1.3 Industrial Oven Used for Curing Composites 

The autoclave process is carried out by applying both heat and pressure. This can be done 

with the help of an oven in order to maintain the temperature (for ramping up and down) and also 

to maintain the room temperature with respect to preferred time. Figure 29 shows the industrial 

oven, located in the WSU bay area, that was used for curing composites in the manufacturing 

process. This over has the capacity of a curing cycle up to 800 degrees Fahrenheit and a built-in 

digital temperature scale to show the exact temperature on the display and also built-in insulation 

to maintain a uniform temperature. 

 

Figure 29. Industrial oven used for curing 

3.1.4 Cutting Machine 

The manufactured laminate was machined in an MK-101 cutting machine to the desired 

dimensions of 2-by-4 inches. This cutting machine has various outstanding features, such as high 

torque, a one-piece utilized steel frame, and a fan-cooled motor. Accurate cutting on the entire 



46 

length of the cut was ensured by the linear guide bar system, which is situation to provide optimal 

water flow. The blade guard is also wider than required to accommodate a profile wheel. The 

cutting machine used in this research is also in the WSU bay area and is shown in Figure 30. 

 

Figure 30. Cutting machine 

3.1.5 Plasma Cleaner 

Plasma equipment was used to create a reactive plasma in the vacuum chamber. Plasma 

cleaner works on the following principle: when a gas under low pressure is subjected to a high-

frequency oscillating electromagnetic field, the accelerated ions in the gas collide with gas 

molecules, ionizing them and forming plasma. The gas used in this plasma chamber is oxygen. 

The operation of this equipment is very easy. First, the composite sample is place in the reaction 

chamber. Then low flow rates of process gas at very low pressure are subjected to RF 

electromagnetic radiation enrooting plasma to be created. The plasma equipment used in this 

research is shown in Figure 31. This equipment is available in Room 223 of Wallace Hall at WSU. 

Blade Gaurd 

Linear Guide Bar Platform Where 

Composite Sample 

Is Placed 

Profile Wheel 
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Figure 31. Plasma machine 

The plasma and surface interaction varies with changes in the parameters, such as intensity 

and frequency of the RF power that is used to excite the plasma. The interaction can also be 

effected by the types of ionized gases, the type of sample that is exposed, and the duration of 

exposure to the plasma. 

3.1.6 Ultraviolet Chamber 

Samples were treated and also exposed to UV light produced by the QUV weathering 

accelerated tester located in Room 125 of the Department of Geology at WSU, as shown in Figure 

32. This tester reproduces damage caused by rain and dew, and it can produce damage that can 

occurs over months or years. The UV light produced can also be used to clean the surfaces of 

samples before coating. This UV chamber was utilized to examine the exposure of the composite 

samples to UV light and to evaluate the weathering issues of the samples under environmental 

conditions—major drawbacks causing damage to coatings. UV light was reproduced with the 

QUV tester using UVA-340 lamps, which produces the UV part of the light spectrum in order to 

replicate the damaging effect of sunlight.  



48 

 
 

Figure 32. UV chamber 

 

3.1.7 Optical Contact Angle Goniometer 

In this thesis work, water contact angles of treated samples were obtained using an optical 

contact angle goniometer (model CAM 100 series from KSV Instruments Limited and located in 

Room 135 of the WSU bay area), which employs an optical subsystem to depict the liquid’s solid 

surface profile . The static sessile drop technique was utilized to find the liquid-solid contact angle. 

The CAM 100 optical contact angle goniometer, shown in Figure 33, is used for many research 

and development (R&D), industrial, and educational applications.  

 
 

Figure 33. Optical contact angle goniometer 
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Syringe  
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The  goniometer’s optical subsystem employs a high-resolution camera and software to 

analyze the profile of pure liquid on a solid substrate. Older versions have utilized a backlight. In 

the present version of the subsystem, this equipment was accompanied by a high-resolution camera 

and shape analysis software to ensure that the profile is error free and user-independent. 

3.1.8 Optical Microscope 

The Zeiss Axio Imager microscope, located in the Department of Geology at WSU and 

often regarded as a universal microscope, is useful for many applications. This equipment is 

primarily used in biology to determine material structures, as in the examination of tissue samples. 

With the propelled pyramid and particular outline, this instrument joins time-tried standards in 

magnifying instrument development. The Axio Imager microscope is accessible in five manual 

and four mechanized models. In any model, the extent of the gear is variable and can be altered to 

the client's prerequisites inside the scope of alternatively accessible magnifying instrument parts. 

The Axio Imager microscope, shown in Figure 34, was used for analyzing the surface 

characteristics of the carbon fiber samples that were exposed to UV and plasma in this research. 

 

Figure 34. Axio Imager optical microscope 
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3.1.9 Sandpaper 

The surface of a metal can be improved by sanding to enhance the adhesion and service 

life of coatings. To achieve better adhesion properties, 3M 413Q abrasive sandpaper of 180, 400, 

and 1,500 grit number was used in this study for surface preparation. The process involved the 

continuous and equal rubbing of the sandpaper on the composite surface. Care was taken to 

maintain equal thickness of the CFRC panel. 

3.1.10 Coatings 

The composite samples were coated with both a bottom coat (primer) and a top coat. The 

bottom coat included a curing solution and a thinner. The primer used in this research was 

AkzoNobel Aerodur 2111 chrome-free primer mixed in a ratio of 2:1:1 with AkzoNobel Aerodur 

2111 curing solution and AkzoNobel TR-114 thinner. The top coat used in this research was PPG 

CA 8800/11050 Matterhorn white. The top coat was mixed with an activator and a reducer in order 

to facilitate the spraying process, by preventing clogging in the sprayer or uneven coats of paint. 

The top coat’s activator and reducer used in this research were PPG 8800Z and PPG 8800CTI, 

respectively. The primer and top coat are shown in Figure 35. 

  

Figure 35. Primer (left) and top coat (right) 
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3.1.11 Spray Gun 

The gravity-feed spray gun used in this research was the Iwata LPH400 system with a 1.4 

tip, as shown in Figure 36. This type of sprayer typically consists of a spray gun, metal container 

to hold the paint, and a pressure gauge. The base was shaken for 10 minutes with the induction of 

admix for 10 minutes with air pressure of 24 psi at the gun. This high-volume low-pressure spray 

gun is user compatible, with a refillable and reusable container, and offers a professional grade 

spray stream for any kind of surface.  

Coats of paint can be easily applied using the spray gun, whereby the container is filled 

with paint and the pressure adjusted to 24 psi in order to pull the paint from the container and 

provide a professional grade stream. The spray gun must be held in such a way that it should be at 

least eight inches from and also perpendicular to the surface that is to be painted. First, the trigger 

must be pulled for the air to pass through the main cap and start moving across the panel. It is 

important to not squeeze the trigger fully without first reaching the point where the painting begins. 

 

 

Figure 36. Gravity-feed spray gun 
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3.1.12  Mitutoyo 293-725 Digital Micrometer 

The thickness of the coated and non-coated samples were measured using a digital 

micrometer available at WSU, as shown in Figure 37. The main purpose here was to ensure a 

constant thickness over the entire sample after it was sprayed. The micrometer was also used to 

check the deterioration of the coating when exposed to UV light and water.  

 

Figure 37. Digital micrometer  

This digital micrometer has a good measuring range of almost 0 to 25 mm and also an 

increment of 0.001 mm. Accurate measurement was ensured with the help of a friction thimble 

stop accompanied by a carbide-tipped measuring unit. The digital display records the readings of 

the tested samples and can even save the readings in order to be reviewed later. 

3.1.13 Cross-Cut Equipment 

The adhesion test was performed using a cross-cut tester, as shown in Figure 38. The cross-

cut tester kit consists of the following: 

 Multi-blade cutter with 1 mm spacing and 11 teeth 

 Multi-blade cutter with 2 mm spacing and 6 teeth 

 3M Scotch tape 
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 Small brush 

 

Figure 38. Cross-cut tester kit 

3.1.14 Fourier Transform Infrared Spectrometer 

Fourier transform infrared (FTIR) analysis was carried out after the cross-cut test to 

examine the adhesion mechanism of the coating and the substrate. The FTIR instrument used was 

the Nicolet Magna 850 R spectrometer, located in the Department of Chemistry at WSU, as shown 

in Figure 39.  
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Small Brush 
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Figure 39. Nicolet FTIR spectrometer 

This analysis was performed in order to better understand the surface characterization, which 

depicts the functional groups present in the coatings, and to evaluate the chemical bonds. The 

infrared spectrometer evaluates different types of bonds present in the structure of the composite 

by identifying the molecules and creating an infrared absorption spectrum. EZ-OMNIC software 

was used in this analysis to create a database of spectra in different formats with a unique 

combination of interpretation algorithms and scientific documentation. The wavelength to percent 

transmittance of the samples was calculated. 

3.2 Experimental Methods 

3.2.1 Manufacturing of Carbon Fiber Composite 

In this research, the carbon fiber composites were manufactured by using a hand lay-up 

process. The prepreg sheets consisting of continuous fabric with different patterns were 

impregnated with a resin system. The laminated composite thickness depends on the thickness of 

each impregnated ply. In this research, the laminate was manufactured using ten prepreg plies. The 

prepregs used were carbon/epoxy CYCOM 5320-1 T650-35 and woven carbon fiber CYCOM 
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5320-1 T650 8H, products of CYTEC Engineering Materials, and E-glass/Epoxy resin 

Newport-321 woven prepregs, a product of Newport Mitsubishi Rayon Co. Ltd. 

Vacuum bagging involved the following process:  First, an aluminum plate was used as a 

base surface for the composite. This aluminum plate was thoroughly cleaned, first with sandpaper 

and then with distilled water, to obtain a smooth surface finish. Then a layer of release film was 

placed on the aluminum plate on which the carbon fiber prepregs were laid one on top of another. 

After the lay-up of each prepreg, a consolidated roller was used to ensure that air bubbles were 

squeezed out of the layers. This process was continued until the required number of layers were 

stacked. The top of this stack of prepregs was covered with the peel ply, which acts as a perforator, 

thus providing a good surface finish. Next, a caul plate was placed over the peel ply. The next 

layer, the bleeder ply, was used to absorb the moisture and excess resin in the prepregs. After 

vacuum bagging, , a nozzle adaptor was placed in the middle of the laminate to extract all air from 

the mold. The vacuum process was performed for 24 hours and then prepared for curing. This 

vacuum bagging process is shown in Figure 40.  
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Figure 40. Vacuum bagging of composite fibers 

3.2.2 Curing Cycle 

 The curing cycle used to treat the composite laminate after the vacuum process is shown 

in Figure 41. During this process, the laminate was under the influence of vacuum, and the 

following curing temperatures were followed: First, the room temperature of the oven was raised 

to 120°, which was achieved in one hour, and then the temperature of the oven was maintained at 

120° for one hour. Then, within one hour, the temperature was reduced to room temperature. 
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Figure 41. Curing cycle for CFRC panel 

3.2.3 Composite Division 

 The laminate was machined into 2-inc-inch by 4” panels using the cutting machine 

available at WSU. These machined panels are shown in Figure 42. Table 6 shows the number of 

panels used for different types of treatment, exposure, and test conducted. 

 

Figure 42. Machined composite panels 
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TABLE 6 

COMPOSITES DIVISION 

Treatment Coating 
Treatment 

Time 

Exposure 

Conditions 

Adhesion 

Test 
Total 

None None 0 2 1 8 

Plasma Yes 4 mins 2 1 8 

Plasma Yes 8 mins 2 1 8 

Plasma Yes 12 mins 2 1 8 

UV Yes 2 days 2 1 8 

UV Yes 4 days 2 1 8 

UV Yes 8 days 2 1 8 

    
Total 2” x 4” 

panels 
56 

 

3.2.4 Surface Preparation of Carbon Composite 

The small machined panels were prepared for surface treatment using plasma and UV light. 

A composite or any other metal is prone to contamination at the surface. In order to have a pure 

composite, surface preparation is performed. In this research, each composite panel was cleaned 

with a light solvent in order to remove surface contaminants. A basic schematic diagram of the 

layers of a metal substrate is shown in Figure 43. 

 

Figure 43. Typical layers on substrate 
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3.2.4.1 Plasma Treatment  

The composites were treated with oxygen plasma by using plasma equipment available in 

Room 223 of Wallace Hall at WSU, as shown in Figure 44. The aim here was to activate the 

surface energy in order to increase adhesion properties of the substrate and coatings.  

  

Figure 44. Plasma chamber 

The following procedure was used to perform plasma treatment: First, the plasma chamber 

was cleaned with a sanitary cloth to remove any dirt particles. Then the panel was prepared for 

placement in the chamber. First, the sample was cleaned and placed in the plasma chamber, holding 

the plasma cleaner door against the vacuum chamber. Using a needle valve, the chamber was 

closed. Then the vacuum pump switch was turned on. It took a couple of minutes to remove air 

from the vacuum chamber and increase the RF levels to high, which was 18 W. A total of 24 

samples were treated with varying times of plasma: eight for four minutes, eight for eight minutes,  

and another set of eight for 12 minutes.  After the respective treatment times, the plasma cleaner 

Chamber in which 

Sample is Placed  

RF Controller 

Power Switch 
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and vacuum pump were turned off. To ventilate the chamber, the door was held open, and the 

needle valve was slowly opened to allow air to enter the chamber. The panel was then removed 

for coating. After treatment, contact angle tests were performed on the composite surfaces.  

3.2.4.2 Ultraviolet Treatment 

 The QUV weathering tester, shown in Figure 45, was used to clean the surfaces of the 

CFRC panels in order to remove surface contaminants. Panels were placed on the plate that is used 

to close the chamber. Two-sided tape was used to attach the panels to the board in the chamber. 

UV radiation was produced by lamps inside the chamber.  

 

Figure 45. Composites placed in UV chamber for treatment 
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First, the panels were cleaned with acetone and then prepared to be placed into the UV 

chamber plate or swing-up door. Double-sided tape was used on the opposite side of the panels 

that was not treated. Then the panels were attached firmly to the swing door, the door was closed, 

and the QUV machine turned on. The thickness of the coatings was measured every 50 hours for 

1,000 hours. 

3.2.5 Preparation of Base Primer 

The coating on the carbon panels after surface treatment was done using an HVLP spray 

gun. The two-layer coating consisted of a base coat primer and a top coat. The primer, curing 

solution, and thinner were mixed in a ratio of 2:1:1, respectively, as shown in Table 7. The primer 

was mixed for ten minutes, and the induction time was for 10 minutes. Then, samples were laid 

up on a table for coating.  

TABLE 7 

BASE PRIMER SPECIFICATIONS 

Primer AkzoNobel Aerodur 2111 (chrome-free)  

Curing Solution AkzoNobel Aerodur 2111  

Thinner AkzoNobel TR-114 

Mix Ratio 2:1:1 

 

3.2.6 Coating of Base Primer 

The base primer prepared was sprayed on the carbon fiber-reinforced polymer by using 

Iwata LPH400 gravity-feed gun with a 1.4 tip. The panels were sprayed for a single pass at medium 

speed of one coat of base primer by maintaining a constant thickness of the coating of 1 Mils. After 

coating, the panels were air dried at room temperature for 24 hours. Figure 46 shows the sample 

coated with the base primer. 
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Figure 46. CFRC panel coated with chrome-free primer 

3.2.7  Preparation of Top Coat 

After the primer-coated panels were dried at room temperature for 24 hours, two top coats 

were sprayed on the panels. The preparation of the top coat, activator, and reducer were mixed in 

a ratio of 2:1:1, respectively, as shown in Table 8. The top coat was mixed for more than 15 

minutes, and the induction time was 15 minutes. Then, samples were laid up on a table for coating. 

TABLE 8 

 

TOP COAT SPECIFICATIONS 

 

Top Coat PPG CA 8800/11050 Matterhorn white 

Activator PPG 8800Z 

Reducer PPG 8800CTI 

Mix Ratio 2:1:1 

 

3.2.8 Application of Top Coat 

The prepared top coat was sprayed on the samples after a 15 minutes induction time. The 

CFRC panels shown in Figure 47 were coated with the top coat using an Iwata LPH400 spray gun 

with a 1.4 tip. The spray gun air pressure was maintained at 24 psi in order to create the desired 

even thickness of 2 Mils. Two medium wet coats were sprayed on the panels with a fluid turn out 
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of one and a half. A time gap of 10 minutes between the two coats was maintained. The sprayed 

panels were air dried at room temperature for 24 hours. 

 

Figure 47. CFRC panels with base coat and top coat 

3.2.9 Immersion in DI Water 

The coated CFRC panels were exposed to water. The panels were immersed in deionized 

(DI) water, as shown in Figure 48. The thickness after 50 hours and 100 hours of immersion in 

water was measured using a digimatic micrometer. 

 
 

Figure 48. CFRC panels immersed in DI water 

CFRC Panels 

DI Water 
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The standard used to immerse the panels in water was ASTM D870-15, which is the 

standard practice for testing the water resistance of a coating using water immersion. The main 

aim here was to expose the panels to water in order to determine the difference between the 

adhesion properties of the panels that were treated and the panels that were not treated, that is, to 

know how water affects the adhesion properties of the substrate and coating. Both panels that were 

treated with plasma and UV light were immersed in DI water. One set of panels was immersed for 

500 hours, and the other set of panels was immersed for 1,000 hours. Details of the panel exposure 

are shown in Table 9. 

TABLE 9 

 

NUMBER OF PANELS EXPOSED TO WATER 

 

Treatment 
500 Hours of Water 

Exposure 

1,000 Hours of Water 

Exposure 

Total Number of 

Samples 

None 2 2 4 

4 min Plasma 2 2 4 

8 min Plasma 2 2 4 

12 min Plasma 2 2 4 

2 days UV 2 2 4 

4 days UV 2 2 4 

8 days UV 2 2 4 

TOTAL 14 14 28 

 

3.2.10 Exposure to UV Light 

CFRC panels were also exposed to UV light to determine the degradation of adhesion 

properties in the treated and untreated samples. The main aim here was to observe the adhesion 

properties between the substrate and coating of treated and untreated panels. The number of panels  

exposed to UV light is shown in Table 10. The panels exposed to the UV light was performed in 

the QUV weathering tester, as shown in Figure 49. 
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TABLE 10 

 

NUMBER OF PANELS EXPOSED TO UV LIGHT 

 

Treatment 
500 Hours of UV 

Exposure 

1,000 Hours of UV 

Exposure 

Total Number of 

Samples 

None 2 2 4 

4 min Plasma 2 2 4 

8 min plasma 2 2 4 

12 min Plasma 2 2 4 

2 days UV 2 2 4 

4 days UV 2 2 4 

8 days UV 2 2 4 

TOTAL 14 14 28 

 

 

Figure 49. Coated CFRC samples exposed to UV 
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3.2.11 Thickness Measurement 

The coating thickness of the panels which were exposed to UV and immersed in water 

were recorded from time to time to know the degradation of coating. The thickness was measured 

using Digimatic micrometer shown in Figure 50. The increased formation of cracks and blisters 

due to continued exposure leads to the release of pigment cells, and this reduced amount of pigment 

cells in the coating results in a small reduction of the coating thickness. During the testing 

procedure, it was found that the samples which were exposed to UV radiation showed decrease in 

the coating thickness. The coating thickness was measure with a time interval of 50 hours for the 

panels immersed and exposed in water and UV respectively.  

 

Figure 50. Thickness measurement Using Digimatic micrometer 

3.3 Cross-Cut Test 

After the panels were exposed to water and UV light, the adhesion test was conducted. The 

adhesion test procedure employed ASTM D3359 (Method B), also known as the cross-cut test. 

This test was used to assess the adhesion of coating films by applying and removing pressure-

sensitive tape over cuts made in the film. The main aim of this test method was to establish whether 

the adhesion of the coating to the substrate was at an adequate level.  

Digital Display 

Thimble Stop 

Composite Panel 
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3.3.1 Apparatus and Materials 

 

A cross-cut test kit contains following the materials: 

 Aluminum cutting tool with a teeth holder in which a sharp-toothed razor is fixed with a 

varying number of teeth and variable spacing between teeth 

 3M transparent tape for the peel test 

 Small brush 

 Magnifying glass 

 Illumination 

 Rubber eraser 

3.3.2 Procedure 

Surfaces of the panels that were exposed to water were cleaned, wiped with a solvent that 

will not harm the integrity of the coating, and then dried at room temperature.  A blemish-free and 

imperfection-free surface on the panels was selected. By using the illuminated magnifier and 

cutting tool, six 20-mm-long cuts, each 2 mm apart, were made through the film to the substrate 

in one steady motion using adequate pressure on the cutting tool.  

 After the cuts were made, a small brush was used to remove any detached flakes of coatings 

from the film. After brushing the surface to remove debris, another set of incisions was made 

perpendicular to the first cuts. These cuts were made at an angle of 90° to and centered on the 

original cuts. The area was again brushed to remove any debris, and the incisions were inspected 

using an illuminator to determine whether the incisions were made far enough through the coat to 

reach the substrate.  

 After the incisions were made and the debris flakes removed from the surface, 3M tape 

was placed on the grid. For good contact between the film and the tape, an eraser was used to 
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firmly rub the grid. After the tape was placed over the grid, within 60 to 120 seconds, the tape was 

removed by seizing the free end and rapidly backing it upon itself at an angle as close to 180° as 

possible.  

 The grid was then inspected by using a magnifying glass for any removal of coating from 

the substrate. According to the paint detached from the substrate, the adhesion was rated in 

accordance with the classification scale shown in Table 11, and a detailed explanation of each 

classification is shown in Table 12. 

TABLE 11 

 

CROSS-CUT ANALYSIS CLASSIFICATION OF ADHESION TEST RESULTS 
 

Classification 
Percent Area 

Removed 

Surface of Cross-Cut Area Where Flaking Has Occurred 

for Six Parallel Cuts and Adhesion Range  

5B 
0  

None 

 

4B Less than 5 

 

3B 5–15 

 

2B 15–35 

 

1B 35–65 

 

0B > 65 
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TABLE 12  

 

CLASSIFICATION FOR RATE OF ADHESION 

 

Classification Explanation 

5B 
Edges of the cuts are completely smooth; none of the lattice squares lattice is 

detached 

4B 
Small flakes of coating are detached at intersections; less than 5% of the area 

is affected 

3B 
Small flakes of coating are detached along edges and at intersection of cuts; 

area affected is 5% to 15% of lattice. 

2B 
Coating is flaked along edges and on parts of squares; area affected is 15% to 

35% of lattice 

1B 
Coating has flaked along edges of cuts in large ribbons, and whole squares 

have detached; area affected is 35% to 65% of lattice. 

0B Flaking and detachment worse than Grade 1. 

 

3.4 Surface Characterization 

3.4.1 Contact Angle Measurements 

The water contact angle is defined as the angle made by the water droplet on the substrate. 

Optical contact angle goniometry was used to measure the water contact angle. DI water was used 

for measuring the contact angle. Tests were performed at room temperature. Contact angles on 

different time spans of plasma- and UV-treated panels were measured. The contact angles for 

panels treated with plasma for 0, 4, 8, and 12 minutes were measured. The main mechanism 

involving the contact angle and adhesion is shown in Figure 51. Contact angles of panels treated 

with UV light for 0, 2, 4, and 8 days were measured. Table 13 shows the characterization of the 

surface relative to measured contact angle, and Table 14 provides a summary of the behavior of 

surface properties. 
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Figure 51. Contact angle and adhesion mechanism 

 

TABLE 13 

CHARACTERIZATION OF SURFACE RELATIVE TO CONTACT ANGLE 

Condition Nature Surface Energy Effect 

θ < 90° Hydrophilic Increases Water droplets spread out 

θc > 90° Hydrophobic Decreases Water droplets beads-up 

θc > 150° Super-Hydrophobic Decreases Water droplets highly beaded; repelled 

 

TABLE 14 

 

BEHAVIOR OF SURFACE PROPERTIES 

 

Hydrophobic Surface Property Hydrophilic Surface 

High Contact Angle Low 

Poor Adhesiveness Good 

Poor Wettability Good 

Low Solid Surface Free Energy High 

 

3.4.2 Optical Microscope 

 Axiom Imager upright microscope shown in Figure 52 was used to take microscopic 

images of the cross-cut test results. The samples were put on a place available to project the view 

under the lens of microscope. With the propelled pyramid and particular outline, the Axio Imager 
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magnifying instrument joins time-tried standards in magnifying instrument development. The 

microscope is accessible in nine standard renditions (five manual and four mechanized models). 

Samples were examined under upright microscope. Each sample was examined and the 

magnification used was 20 X. For almost all samples gray scale photographs were taken. This was 

done to ensure proper view of surface properties. The sample was placed under the lens and the 

software AXIO CAM supporting the device was opened. Then the samples were adjusted to match 

the light coming from the lens. The grid of the cross-cut test was evaluated by adjusting the 

transmitted light brightness. This brightness adjustment varies from one sample to other and also 

varies for different magnifications. Binocular eye pieces’ inter-ocular distance was adjusted 

accordingly. Snap shots were taken for each sample with varying magnifications to identify proper 

grid coating of the carbon fiber composite samples. 

 

Figure 52. Optical microscope used for magnified images of cross-cut results 
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3.4.3 FTIR Analysis 

FTIR was carried on panels that were exposed to UV and immersed in water. The main 

aim here was to examine the degradation as the result of exposure and to diagnose the functional 

groups that are the main reason for adhesion failure. In this analysis, the panel was put in contact 

with the ATS crystal of the FTIR machine. The ATS crystal hits the internal surface of the panel 

in such a way that it is reflected off the infrared beam. FTIR images were taken of plasma treated, 

plasma non-treated, UV treated, and UV non-treated panels. The resulting FTIR spectrum of the 

panels can be compared for “best matches” in the libraries of the spectra. Samples were placed on 

the equipment surface to measure the amount of light absorbed by the compounds at varying 

wavelengths and to identify the different types of bonds that exist in the compound at certain 

wavelengths of light.  

The software used in FTIR analysis was the EZ-OMNIC which creates a database of 

spectra in many formats through an ideal combination of interpretation algorithms and scientific 

documentation. The wavelength to  percent transmittance was calculated for the samples in this 

experiment, and FTIR spectra were taken for different samples over a range of 500 cm-1  to 

4,000 cm-1, with a resolution of about 0.98-cm-1 , as shown in Figure 53. 
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Figure 53. Panel setup for FTIR analysis 
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CHAPTER 4 

 

RESULTS AND DISCUSSION 

 

 

4.1 Contact Angle Measurement 

The contact angle measurements of the carbon fiber reinforced composites treated with 

plasma and UV were measured using CAM 100 (KSV Instruments Ltd). The CAM 100 had a 

compact charge coupled device (CCD) camera, which recorded the image of the panels. A drop of 

water was placed on the panel surface by using a syringe needle after the panels were arranged on 

the platform.  

4.1.1 Contact Angle Measurements of Plasma Treated Panels 

 

 The contact angles were measured before and after plasma treatment, UV treatment, and 

sandpapering. The contact angle measurements of the panels before and after plasma treatment are 

as shown in Table 15. 

TABLE 15 

 

CONTACT ANGLE MEASUREMENTS FOR PLASMA TREATED PANELS 

 

Plasma Treatment Time (Minutes) Contact Angle (Degrees) 

No Plasma 86.02 

4  47.68 

8  41.68 

12  33.01 

 

The results shown in Table 15 are graphically represented in Figure 54. As observed, the panels 

treated with oxygen plasma had lower contact angles as the treatment time was increased. These 

results suggest that the panels with higher plasma treatment are less prone to hydrophobicity than 
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the samples without any treatment. As observed from Figure 53, the panel without any treatment 

showed highest contact angle of 86.020, but after a four minute plasma treatment the contact angle 

was decreased to 47.680. Nevertheless, the surface treated with plasma with different treatment 

times enhanced the adhesion, which was depicted by smaller decreases in the contact angles of 

plasma treated surfaces. For the panel treated with plasma, the contact angle decreased from 86.020 

to 47.680. The panels treated for eight minutes plasma showed a contact angle of  41.070, whereas, 

after 12 minutes of plasma treatment the CFRC had the contact angle at 33.010. It was noticed that 

the higher increase in plasma treatment time significantly decreased the contact angle, as well as 

the adhesion property of the CFRC. It can be concluded that the panels treated with plasma 

changed the substrate surface from hydrophobic to hydrophilic, which allowed the complete 

wetting of the surface. 

 

Figure 54. Contact angle of plasma treated panels 

Figure 55 exhibits the time series degradation of the contact angle with and without plasma 

treatment. The surface treatment with plasma contributed to the rapid decrease in contact angle 

values after four minutes of plasma treatment. This decrease in the contact angle leads to the 
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conclusion that a higher treatment time of oxygen plasma leads to a lower contact angle. From that 

conclusion, it can be further concluded that the surface free energy was increased, as well as the 

adhesion property.  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 

Figure 55. Contact angle measurement of CFRC panels with and without plasma treatment 

(clockwise). a) No treatment, b) 4 Mins of plasma, c) 8 mins of plasma. d) 12 mins of plasma 

 

4.1.2 Contact Angle Measurement of UV Treated Panels 

 

The contact angle measurements of CFRC panels that were pretreated with UV rays were 

measured using CAM 100 optical contact angle goniometer. The contact angle measurements were 

taken during UV treatment at increments of zero, two days, four days, and eight days. At day zero 
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the contact angle was higher, but as the day of treatment increased the contact angle diminished 

progressively. The results of contact angle tests are as shown in Table 16.  

TABLE 16 

 

CONTACT ANGLE MEASUREMENTS FOR UV TREATED PANELS 

 

Treatment Time Contact Angle ( Degrees) 

0 Days UV 106.900 

2 Days UV 83.590 

4 Days UV 73.030 

8 Days UV 47.790 

 

The results shown in Table 16 are graphically represented in Figure 56. It can be observed that the 

panel with no surface treatment depicted higher contact angles than the panels which were treated 

with UV. The panels without any treatment showed an average contact angle of 106.900 whereas 

the panel treated with 2 days of UV showed a contact angle of 83.590. There was a decrease in 

contact as the exposure time increased. It can be observed that the contact angle without any 

plasma treatment showed a contact angle of 860, whereas the bare, untreated sample used for UV 

showed 106.900 of contact angle. This is due to the release film in which the angles of the 

orientation differed. This is supported by the experiments conducted by Busscher, Mori, and Oliver 

[55]. Sometimes the contaminations present on the release film affects the surface smoothness and 

the surface energy. It can be observed that the panel’s surface is changing from a hydrophobic 

surface to a hydrophilic surface with the increase in the surface treatment time. This property helps 

increase the adhesion property between the substrate and the coating after the coating procedure. 

 A series of decrease in contact angle of UV treated panels is as shown in Figure 57. 
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Figure 56. Contact angle of UV treated panels 

 
(a)  

(b) 

 
(c) 

 
(d) 

Figure 57. Contact angle measurements of CFRC panels with UV treatment (clock-wise) a) 0 

days UV treatment, b) 2 days of UV treatment, c) 4 days of UV treatment, d) 8 days of UV 

treatment. 
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The panels treated with four days of UV showed a contact angle of 73.030 whereas the panels 

treated with UV for eight days showed drastic changes in the contact angle when compared to the 

panels which were not treated. The highest was observed at 106.900 whereas the lowest was 

observed at 47.790. From the results, it can be concluded that the decrease in the contact angle 

lends to the hydrophilic nature of the surface, thus leading to better adhesion properties between 

substrate and the coating. 

4.1.3 Contact Angle Measurements for Sanded Samples 

 

The contact angle measurements of CFRC panels which were pretreated with sandpaper 

were measured using CAM 100 optical contact angle goniometer. The sandpaper used was the 3M 

413Q abrasive sandpaper of 180, 400 and 1500 grit number. The sanding process was done with a 

continuous and equal rubbing of sandpaper on the composite surface. Care was taken to maintain 

equal thickness of the CFRC panel. 

From the contact angle measurements, the contact angle was higher in un-sanded samples, and the 

sanded samples showed a lower contact angle. The results of contact angle tests are as shown in 

Table 17. From Table 17, it can be observed that the panel which was not treated with sandpaper 

showed a contact angle of 73.660 whereas the sample which was treated with sandpapering showed 

a lower contact angle of 24.490. This shows that the sandpapering treatment has improved the 

surface properties, such as its surface energy and wetting.  

TABLE 17. 

CONTACT ANGLE MEASUREMENT OF SANDED SAMPLE 

Treatment Contact Angle 

Un-sanded panel 73.660 

Sanded panel 24.490 
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The sandpapering was carried out to remove any surface debris from the carbon weave, and to also 

eliminate small scratches and to attain a smoothness for painting. By using different types of grit 

numbers, the surface is cleaned more effectively. The larger the grit number, the smoother the 

surface and the cleaning process. The results shown in Table 17 are depicted in Figures 58 and 59. 

 

Figure 58. Contact angle measurements of sanding method 

 

(a) 

 

(b) 

 

Figure 59. Contact angle measurements of CFRC samples with a) No sanding, b) With sanding 
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4.2 Cross-Cut Evaluation 

 Cross-cut test was performed according to the ASTM D 3359 (Method B) standards. The 

samples treated with plasma and UV were coated with same coating type and thickness so as to 

check the exact adhesion properties of the panels. The panels were immersed in water and exposed 

to UV radiation after the coating. The panels were scribed before and after exposure to UV and 

water. The panels were exposed to 500 hours and 1000 hours of UV and water. The panels 

immersed in water were dried before performing the test. After the cross-cut test, the grid formed 

was inspected and the adhesion was rated according to the ASTM D3359 standards. 

4.2.1 Plasma Treated and Immersed in Water for 500 Hours 

 Figure 60 shows the cross-cut test results of panels treated with plasma and exposed to 

water for 500 hours. As shown in the Figure 60 a), the panel which was not treated with plasma 

showed that the coating flaked along the edges of the cuts in large ribbons; most of the squares 

have detached completely from the substrate. The panels which were treated showed decrease in 

flaking at the edges of the grid. 

 The panel which was not treated showed that the coating flaked along the edges of the cuts 

and whole squares have detached. Almost 55 percent of the area was affected. As per ASTM 

D3359 the adhesion was rated as class 1B. The panels treated with four minutes of plasma showed 

flaking along edges and parts of square and the area affected was about 16 percent. According to 

ASTM D3359 the classification of adhesion was given as 5B 

The panel treated with plasma for eight minutes and twelve minutes showed almost the 

same flaking percentage, where only small flakes of the coating were detached along the grid. The 

total area affected was less than 5 percent. According to ASTM D 3359, the adhesion was classified 

as 4B. It can be concluded that as the treatment time of plasma on panels increased the adhesion 
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between the coating and the substrate. For better understanding, the classification of adhesion is 

represented in a chart as shown in Figure 61. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 60. Cross-cut results of plasma treated panels with 500 hours immersion in water (a) No 

plasma (b) 4 min. of plasma (c) 8 min. of plasma (d) 12 min. of plasma 
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Figure 61. Classification of adhesion 

 

4.2.2 Plasma Treated and Immersed in Water for 1000 Hours 

 

 Figure 62 shows the cross-cut test results which were exposed to water for 1000 hours and 

were treated with zero, four, eight, and twelve minutes of plasma (clockwise from top left). As 

shown in the Figure 62 a), the panel which was not treated with plasma showed that few of the 

squares detached completely from the substrate, whereas the panels which were treated showed 

decreased flaking at the edges of the grid. 

 The panel which was not treated showed that the coating has flaked along the edges of the 

cuts and whole squares have detached. Almost 45 percent of the area was affected. According to 

ASTM D3359 the adhesion was classified as class 1B.  

The panel treated with plasma for four minutes showed small flakes of the coating detached at the 

intersections. Almost 45 percent of the area was affected, and according to ASTM D3359 the 

adhesion was classified as 2B.  
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The panels treated with eight minutes and 12 minutes of plasma showed smooth edges and 

none of the squares of the grid were detached. According to ASTM D3359 the adhesion was 

classified as class 5B. It can be concluded that as the treatment time of plasma on panels increased, 

the adhesion between the coating and the substrate increased. For better understanding the rate of 

adhesion is represented in a chart as shown in Figure 63. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 62. Cross-cut results of plasma treated with 1000 hrs. immersion in water (a) No plasma 

(b) 4 min. of plasma (c) 8 min. of plasma (d) 12 min. of plasma. 
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Figure 63. Classification of adhesion  

 

4.2.3 Plasma Treated and Exposed to UV for 500 Hours 

 Figure 64 shows the cross-cut test results which were exposed to UV for 500 hours and 

were treated with zero, four, eight, and twelve minutes of plasma (clockwise from top left). As 

shown in Figure 64 a), the panel which was not treated with plasma showed the squares have 

detached completely from the substrate and the flaking detachment was worse, whereas the panels 

which were treated showed decreased flaking at the edges of the grid. Since the exposure of the 

panels was to UV light, it created more deterioration of the coating than the panel immersed in 

water. 

 The panel which was not treated showed that the coating flaked along the edges of the cuts 

and whole squares have detached. Almost 50 percent of the area was affected. According to ASTM 

D3359 the adhesion was classified as class 1B.  

The panel treated with plasma for four minutes showed that the coating flaked along the 

edges of the cuts. The edges were detached, but not entire squares. Almost 25 percent of the area 

was affected and according to ASTM D3359 the adhesion was classified as 2B.  
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The panels treated with eight minutes of plasma showed small flakes of the coating 

detached along the edges and at the intersections. Almost 10 percent of the grid area was affected 

and according to ASTM D3359 the adhesion was classified as 3B. The panel treated with 12 

minutes of plasma showed the edges were smooth and none of the squares were detached from the 

lattice. According to ASTM D 3359 the adhesion was classified as 5B.  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 

Figure 64. Cross-cut results of plasma treated samples with 500 hours of UV exposure (a) No 

plasma (b) 4 min (c) 8min (d) 12 min and exposed to UV for 500 hrs 
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It can be concluded that as the treatment time of plasma on the panels increased the adhesion 

between the coating and the substrate increased. There was much coating deterioration which 

resulted in detachment of the primer coat first and then the top coat in few cases. For better 

understanding the rate of adhesion is represented in a chart as shown in Figure 65. 

 
 

Figure 65. Classification of adhesion 

4.2.4 Plasma Treated and Exposed to 1000 Hours of UV 

 Figure 66 shows the cross-cut test results which were exposed to UV for 100 hours and 

were treated with zero, four, eight, and twelve minutes of plasma (clockwise from top left). As 

shown in Figure 66 a), the panel which was not treated with plasma showed the squares have 

detached completely from the substrate, whereas the panels which were treated showed decrease 

in flaking at the edges of the grid. Since the exposure of the panels was to UV light it created more 

deterioration of the coating than the panel immersed in water. 

 The panels which were not treated showed that the coating flaked along the edges of the 

cuts and whole squares have detached. Almost 95 percent of the area was affected. According to 

ASTM D3359 the adhesion was classified as class 0B.  
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The panel treated with plasma for four minutes showed the coating flaked along the edges 

of the cuts. Few of entire squares have been detached. Almost 20 percent of the area was affected 

and according to ASTM D3359 the rate of adhesion was classified as 2B. The panels treated with 

eight minutes of plasma show small flakes of the coating detached along the edges and at the 

intersections. Nine percent of the grid area was affected and according to ASTM D3359 the 

adhesion was classified as class 3B. The panels treated with 12 minutes of plasma show smooth 

edges of the cuts and none of the squares were detached from the grid. According to the ASTM 

D3359, the adhesion is classified as class 5B. It can be concluded that as the treatment time of 

plasma on panels increased the adhesion between the coating and the substrate increased and there 

was much coating deterioration, which resulted in the detachment of the primer coat first and then 

the top coat in a few cases. For better understanding the rate of adhesion is represented in a chart 

as shown in Figure 67. 

 
(a) 

 
(b) 

Figure 66. Cross-cut results of plasma treated samples with 1000 hours of UV exposure (a) 

no plasma (b) 4 min (c) 8min (d) 12 min and exposed to UV for 1000 hrs. 
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(c) (d) 

Figure 66 (continued) 

Figure 67. Classification of adhesion 

4.2.5 UV Treated and Exposed to 500 Hours of UV 

Figure 68 shows the cross-cut test results which were exposed to UV for 500 hours and 

were treated with two, four, and eight days of UV (clockwise from top left). As shown in Figure 

68 a), the panel which was treated with UV for a lower period of time showed more adhesion 

problems, whereas the panels which were treated showed decreased flaking at the edges of the 
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grid. Since the exposure of the panels was to UV light it created more deterioration of the coating 

than the panel immersed in water. 

 The panels which were not treated showed that the coating flaked along the edges of the 

cuts and whole squares have detached. Almost 95 percent of the area was affected. According to 

ASTM D3359 the adhesion was classified as class 0B. The panel which was treated with UV for 

two days showed that the coating flaked along the edges of the cuts and parts of squares. Almost 

33 percent of the area was affected. According to ASTM D3359 (method B) the adhesion was 

classified as class 2B.  

The panel treated with UV for four and eight days, showed small flakes of coating were 

detached at intersections and parts of squares. Almost 15 percent of the area was affected and 

according to ASTM D3359 the adhesion was classified as 3B. It can be concluded that as the 

treatment time of UV on panels increased the adhesion between the coating and the substrate 

slightly increased, and there was much coating deterioration which resulted in the detachment of 

the primer coat first, and then the top coat in few cases. For better understanding the rate of 

adhesion is represented in a chart as shown in Figure 69. 

 
(a) 

 
(b) 

Figure 68. Cross-cut results for samples UV treated with 500 hours of UV exposure (a) 2 

days (b) 4 days (c) 8 days and exposed to 500 hrs. of UV 
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(c) (d)    

Figure 68 (continued) 

Figure 69. Classification of adhesion 

4.2.6 UV Treated and Exposed to 1000 Hours of UV 

Figure 70 shows the cross-cut test results which were exposed to UV for 1000 hours and 

were treated with two, four, and eight days of UV (clockwise from top left). As shown in Figure 

70 a), the panel which was treated with UV for a shorter period of time showed more adhesion 
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problems, whereas the panels which were treated showed decreased flaking at the edges of the grid 

and squares. Since the exposure of the panels was to UV light it created more deterioration of the 

coating than the panel immersed in water. 

The panels which were not treated showed that the coating flaked along the edges of the 

cuts and whole squares have detached. Almost 95 percent of the area was affected. According to 

ASTM D3359 the adhesion was classified as class 0B.  

 The panel which was treated with UV for two days showed that the coating flaked along 

the edges of the cuts and the primer part of the coat detached from few squares. Almost 15 percent 

of the area was affected. According to ASTM D3359 (method B) the adhesion was classified as 

class 3B.  

The panel treated with UV for four days, showed the small flakes of coating were detached 

at intersections and parts of squares. Almost three percent of the area was affected and according 

to ASTM D3359 the adhesion was classified as 4B.  

The panel treated with eight days of UV showed much less flaking of the coat at edges and 

the squares. Less than 5 percent of the area of the grid was affected and adhesion can be classified 

as 4B. It can be concluded that as the treatment time of UV on panels increased the adhesion 

between the coating and the substrate slightly increased, and there was much of coating 

deterioration which resulted in detachment of the primer coat first and then the top coat in few 

cases. For better understanding, the rate of adhesion is represented in a chart as shown in Figure 

71. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 70. Cross-cut results for samples UV treated for (a) 2 days (b) 4 days (c) 8 days and 

exposed to 1000 hours of UV 
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Figure 71. Classification of adhesion 

4.2.7 UV Treated and Immersed in Water for 500 Hours 

 Few of the panels which were treated with UV and immersed in water showed coating 

defect by forming blisters.  

 Figure 72 shows the cross-cut test results of panels immersed in water for 500 hours and 

were treated with two, four, and eight days of UV (clock wise from top left). As shown in the 

Figure 72 a), the panel which was not treated with UV showed more adhesion problems. Whereas 

the panels which were treated showed a decrease in flaking at the edges of the grid and squares. 

 The panel which was not treated with UV shows worse flaking and detachment and the 

coating has flaked along all the edges and all the squares. More than 75 percent of the area was 

affected and according to ASTM D 3359 standards the adhesion is classified as 0B. The panel 

which was treated with UV for two days showed that the coating was flaked along the edges, 

intersections, and the squares detached. Almost 60 percent of the area was affected. According to 

ASTM D3359 (method B) the adhesion is classified as class 1B. The panel treated with UV for 

four days, showed small flakes of coating were detached at intersections and parts of squares. Each 

and every grid was affected with small flaking of coating. Almost 14 percent of the area was 

affected and the adhesion is classified as class 3B. The panel treated with eight days of UV showed 
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much less flaking of the coat at edges and the squares when compared to other treated panels. Less 

than five percent of the area of the grid was affected and the rate of adhesion can be classified as 

4B. It can be concluded that as the treatment time of UV on panels increased the adhesion between 

the coating and the substrate slightly increased and there was much of coating deterioration, which 

resulted in detachment of the both primer coat and then the top coat in few cases. For better 

understanding, the rate of adhesion is represented in a chart as shown in Figure 73. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 72. Cross-cut results for samples UV treated for (a) 0 days (b) 2 days (c) 4 days (d)8 days 

and immersed in water for 500hrs. 
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Figure 73. Classification of adhesion 

4.2.8 UV Treated and Immersed in Water for 1000 Hours 

 The panels which were treated with UV and immersed in water showed coating defects by 

forming blisters. Most of the panels formed very minute blisters after immersion in water. This 

could have been caused by the improper drying of the coating before immersion.  

 Figure 74 shows the cross-cut test results which were immersed in water for 1000 hours 

and were treated with two, four, and eight days of UV (clockwise from top left). As shown in the 

Figure 74 a), the panel which was treated with UV for a shorter time period showed more adhesion 

problems, whereas the panels which were treated showed decreased flaking at the edges of the grid 

and squares. 

 The panel which was not treated with UV showed flaking and detachment worse where the 

coating has flaked along all the edges and all the squares as shown in Figure 69. More than 50 

percent of the area was affected and according to ASTM D 3359 standards the adhesion is 

classified as class 1B. 
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The panel which was treated with UV for two days showed that the coating flaked along the edges, 

intersections, and the squares have been detached completely with both the primer and top layer. 

Almost 15 percent of the area was affected. According to ASTM D3359 the adhesion was 

classified as class 3B.  

The panel treated with UV for four days, showed small flakes of coating were detached at 

intersections and parts of squares. Almost five percent of the area was affected and the adhesion 

rate was classified as 4B. The panel treated with eight days of UV showed much less flaking of 

the coat at edges and the squares when compared to other treated panels. Less than five percent of 

the area of the grid was affected and the rate of adhesion can be classified as 4B. It can be 

concluded that as the treatment time of UV on panels increased the adhesion between the coating 

and the substrate and there was much of coating deterioration which resulted in detachment of the 

both primer coat and then the top coat in few cases. For better understanding, the classification of 

adhesion is represented in a chart as shown in Figure 75. 

 
(a) 

 
(b) 

Figure 74. Cross-cut results for samples UV treated for (a) 2 days (b) 4 days (c) 8 days 

and immersed in water for 1000 hrs. 
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(c)     (d) 

Figure 74 (continued) 

Figure 75. Classification of adhesion 

4.2.9 Sanded and Un-Sanded Samples 

After the panels have been sanded, coated they were exposed to room temperature for ten 

days. The panel in the left side of the Figure 76 shows the panel which was not sanded. The panel 

on the right shows the panel which was sanded and then coated, as shown in Figure 76. From the 

cross-cut results, it can be observed that the panel which was not sanded had the edges of the grid 

and parts of the squares detached. More than 65 percent of the area was affected and according to 
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ASTM standards D3359 the adhesion was classified as class 0B. Panels which was sanded using 

appropriate sandpapers showed less flaking along the edges and the squares. Less than five percent 

of area was affected and its adhesion was classified as 4B. For better understanding, the adhesion 

is represented in a chart as shown in Figure 77. 

 
(a) 

 
(b) 

Figure 76. Cross-cut test results for samples which are (a) sanded and (b) un-sanded panel 

 

 
 

Figure 77. Rate of adhesion 
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4.3 FTIR Studies 

 FTIR analysis was performed on the samples which were not treated and which were 

treated with plasma and UV. A common scale factor was used to obtain FTIR images. The wave 

lengths were maintained between 500 cm-1and 4000 cm-1. Figure 78 shows the FTIR analysis for 

panel with no treatment. The bands observed from 1027.71 cm-1 – 1179.14 cm-1 are assigned to 

secondary aliphatic alcohols and can be assigned to vibration of C-O (urethane). The stretch from 

3200 cm-1-3700 cm-1 can be assigned to the vibrational group O-H. 

 The peaks from 1451 cm-1-1235 cm-1 results in the presence of aromatic ethers and are 

assigned to the vibrational group of ethers C-O-C stretch (dialkyl). In this case, we can say that we 

are in the presence of an ether and alcohol [56]. 

 

Figure 78. FTIR analysis of composite panel with no treatment 
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Figure 79 shows the FTIR analysis of panel treated with plasma. When we focus on left side of 

Figure 79, it shows the stretch between 3200 cm-1-3700 cm-1 and shows the presence of secondary 

aliphatic alcohols which can be assigned to the vibrational Group of -OH. It was the physically 

absorbed free –OH functional group, which was mainly caused due to the plasma treatment [44]. 

The peaks from 2853.83 cm-1-2920.32 cm-1 show the presence of C-H stretch. The vibrations from 

1900 cm-1-2200 cm-1 are an indication of vibration and stretching of C=O bond.  When we focus 

on right side of the Figure 79, the series of peaks shows the formation of esters [56]. The presence 

of the O-H bond in the Figure 79 shows the treatment with oxygen plasma and its effect on the 

surface energy. It can be concluded that treating the surface with plasma generated active oxygen 

groups on the substrate surface. Due to the presence of these groups, the adhesion of the surface is 

improved.  

 

Figure 79. FTIR analysis of composite panel treated with Plasma 
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Figure 80 shows the FTIR spectrum of panel treated with UV light. As shown in the Figure 80, the 

absorption bands at 3368 cm-1; 2923 cm-1; 1729 cm-1; 1533 cm-1;1460 cm-1; 1381 cm-1;1235 cm-1, 

can be assigned to the vibration of groups OH or NH, C-O-C, NH, CH2 AND CH3, e C-O 

(urethane). Comparing the spectrum with the untreated panel, the band of 3368 cm-1 was 

characterized by the vibrational stretching OH group present in cellulose structure and is 

commonly found in lignocellulosic fibers. The other band of 2923 cm-1 is attributed to the 

stretching of the C-H bond of methyl group (CH2) and methylene (CH3) [57]. 

 
 

Figure 80. FTIR analysis of composite panel with UV treatment 

 

Figure 81 shows the FTIR spectrum of composite panel treated with sandpapering. The spectrum 

of sanded panels when compared to the panel which was not treated shows only aliphatic aldehydes 

and aliphatic hydrocarbons, whereas a sample which was not treated showed secondary aliphatic 
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alcohols and aromatic ethers. The spectrum obtained was searched with the FTIR library which 

showed an exact match of the spectrum as the Polydimethylsiloxane (PDMS) which is common 

form of silicone. The peak observed at 1460 cm-1, 1264 cm-1 shows CH3 asymmetric deformation 

of Si-CH3 which is present in a silicon oxide type sandpaper. The peak at 697 cm-1 shows the Si-

C stretching and CH3 rocking. [58] 

 
 

Figure 81. FTIR analysis of sanded panel 

The spectrum of delaminated coating with adhesion problem is as shown in Figure 82. The 

absorption bands are found at 3404 cm-1; 1655 cm-1;1463 cm-1; 1380 cm-1; 1239 cm-1, which can 

be assigned to the vibrations of groups N-H, C=O(ester), C=O(amide), CH2 and  CH3. In this case, 

we can say that we are in presence of an ester and an amide. 
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Figure 82. FTIR analysis of delaminated coating 

4.4 Optical Microscope Images of Cross-Cut Results 

The optical microscope images for the cross-cut test grid have been captured. The optical 

images showed a detailed coating failure due to a lack of adhesion. This section shows the 

magnified images of these failures of panels with different surface treatments at 20X 

magnification. The focus was on the edges of the lattice and the grid squares. 

 Figure 83 shows the difference in the surface characterization when the panel was surface 

treated. As observed, on the left side of Figure 83 the surface was treated and the surface to the 

right side was the one which was not treated with any surface treatment. The left side of this figure 

shows a surface which looks cleaned and much fewer contaminants when compared to right side 

of the figure. The treatment activates the surface by decreasing the amount of contaminants. 
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Figure 83. Surface characterization of treated surface 

Figure 84 shows the surface where the coating failure has been observed. As it can be observed, 

the particles of coating are still adhered to few parts of the surface. The surface contains tiny 

particles of primer and top coat near the cross-cut edge failure. Figure 85 shows the blister 

formation on few panels due to the improper surface preparation of untreated samples. The samples 

that were not cleaned properly before coating tended to form blisters and other types of coating 

failures. These samples when subjected to cross-cut showed more coating damage resulting from 

blister formation. The blisters formed were of different sizes and at different places due to surface 

contaminants and improper curing of the coating before immersion in water and exposure to UV. 

 

Surface treated  

Surface not treated 
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Figure 84. Optical microscopic image of surface near the coating failure 

 

 
 

Figure 85. Blister formation  

 

4.4.1 Panels without Treatment and Immersed in Water 

 Figure 86 shows the optical microscopic images of panels which were coated without any 

surface treatment. As the figure depicts, the coating on parts of the squares have completely 

detached. The square of the grid was completely detached with both the primer and top coat by 

Top coat particle 

 

Blisters 
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revealing bare carbon composite surface. The coating at the edges of the grid has been completely 

detached leaving the edges clean without any coating left. 

 
 

 
 

Figure 86. Optical microscopic images of untreated panels coated and immersed in water  

 

4.4.2 Panels without Treatment Exposed to UV 

 The panels which were not treated and exposed to UV light showed that the primer of the 

coating was attached in few parts of the surface while the top coat was detached completely. The 

exposure to UV radiation deteriorated the top coat, while the adhesion between the coatings was 

worse. The primer coat and top coat detachment is as shown in Figure 87. 
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Figure 87. Optical microscope images of untreated panels coated and exposed to UV. 

 

4.4.3 Panels Treated with Plasma 

 The panels treated with plasma for three minutes, eight minutes, and 12 minutes, showed 

much of the adhesion problems at the edges of the cuts. The edges were slightly flaked, but the 

squares of the grid were mostly intact with the substrate.  Few of the panels showed flaking at the 

intersection, while few of the panels which were treated with plasma for 12 minutes showed much 

more improvement in the adhesion properties between the coat and the substrate. Figure 88 shows 
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the microscopic images of cross-cut tests which were treated with plasma. It can be observed that 

the grid line at the intersection were much cleaner when treated with plasma. As the treatment time 

increased the adhesion between the substrate and the coat increased. It can be concluded that the 

plasma treatment cleaned the surface of CFRC panels where there were much fewer contaminants 

as the treatment time increased. 

  

  

Figure 88. Optical microscope images of panels treated with plasma 

 

4.4.4 Panels Treated with UV 

 The panels treated with UV showed increased adhesion between coating and the substrate 

when treated with eight days of UV. The microscopic images of the cross-cut test at the intersection 

of the grid are shown in Figure 89. It can be observed that the panels treated with UV made the 
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primer bond to the surface more than the panels which were not treated. It can be also observed 

that the panels treated with UV and exposed to UV showed much degradation of the top coat. Few 

of the panels treated showed flaking at the edges and at intersections, but was much less than the 

panels which were not treated with UV. It can be concluded that surface treating with UV decreases 

the amount of contamination on the surface which enhances the adhesion between the coating and 

the substrate. 

  

 
 

Figure 89. Microscopic images of panels treated with UV 
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4.4.5 Panels Treated with Sandpaper 

 

 The panels which were treated with sandpaper showed much fewer problems with adhesion 

when compared to the panels which were not treated. As we can observe in Figure 90, the cross-

cut result at the intersection shows that the coating has peeled off completely, whereas the panel 

which was sanded before coating application showed much cleaner intersection after the cross-cut 

test. The Figure 90 c) shows a panel treated with sandpaper and was not cleaned with any solvent 

as showing a few particles left on the surface. This shows that when a sandpapering process is 

done, the surface needs to be further cleaned in order to achieve a smooth and clean surface without 

any particles and contamination. The Figure 90 d) shows the surface which was sanded using 

sandpaper and then was cleaned with DI water showing a surface with fewer particulates on the 

surface. 

 These results show that the panels which were treated with sandpaper showed in the 

improved adhesion of coating and the substrate, but requires a surface cleaning after the sanding 

process is performed. The plasma and UV treatment does not leave any particulates on the surface 

after treatment. Care must be taken on thickness of the panel when performing sandpapering. Even 

pressure must be applied on the sandpaper in order to get an even surface without any thickness 

inconsistencies. 
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(a) Cross-Cut Failure of Un Sanded 

Surface 

 
(b) Cross-Cut of Sanded Surface 

 
(c) Sanded and not cleaned surface 

with particles 

 

 
(d) Sanded and cleaned surface 

without any particles 

Figure 90. Microscopic images of panels treated with sandpaper 
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CHAPTER 5 

 

CONCLUSIONS 

 

 

 In this research, adhesion on Carbon Fiber Reinforced Composites with and without 

surface treatment were investigated by evaluating the surface characterization after performing 

adhesion test. Adhesion causes hundreds of billions of dollars in loss every year to world economy 

and the development of more efficient surface treatments and protective coating is a way to 

diminish these loses It was found that similar work has been done on the fiber of the composites 

with different surface treatments which resulted in better adhesion properties but were considered 

as the most expensive treatments. Many of wet treatments showed much better adhesion properties, 

but they had their drawback as they needed to be surface prepared again after drying.  

 In this research, CFRC was treated with plasma, UV, & sandpapering as a process of 

surface treatment. Experimental results indicated that, when a carbon composite was plasma 

treated, the wettability, surface energy and the adhesion between the coating and the substrate 

increased when compared to surfaces which were not treated. It was also observed the same in 

case of carbon composite panels treated with UV light and sandpaper. Few of the CFRC panels 

were treated with 4 minutes, 8 minutes, 12 minutes of plasma, few of the panels were treated with 

UV for 2 days, 4 days, 8 days and few with sandpaper. The treated panels were coated with a 

primer and a non-chrome top coat. Few of The panels were then exposed to UV and few of them 

were immersed in DI water at room temperature.  

 From the cross-cut test results it was observed that the samples treated with either UV, 

plasma or sandpaper showed less adhesion problems between the coating and the substrate when 

compared to the panels which were no treated. The contact angle tests showed a decrease in contact 

angle in case of treated panels. As the treatment time was increased the contact angles were 
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gradually decreasing thus activating the surface and increasing the surface energy. The study of 

FTIR showed that after surface treatment, coating and exposure of composites, the formation of 

functional groups which are known to increase the surface energy were confirmed. The study of 

optical microscope images showed the exact location of the adhesion failure and type of failure 

occurred on CFRC panels. As a conclusion, it can be said that the procedures used are simple, non-

operator dependent, and exhibits no damage to surface of the composites for the conditions chosen 

in this research. Though the sandpapering method requires additional steps before coating, the 

results of adhesion rate are much more than the UV & plasma treated panels. It can be said that 

through various test methods, this study confirms that with increase in the surface treatment time 

by plasma, UV and sandpaper on carbon fiber reinforced composites is a good method to enhance 

the adhesion between the coating and the substrate to a greater extent that the non-treated 

composites.  
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CHAPTER 6 

 

FUTURE WORK 

 

 The study of adhesion is very engaging and developing field of study which has the 

potential to spark much future work. Based on the results for surface treatments on Carbon fiber 

reinforced composites, the following future work is recommended, methods before surface 

treatment can be used to improve the test specimen surface energy. 

 Treatment to fibers before manufacturing composite laminates. 

 Different types of tests can be conducted on treated composites such as pull-off test, X 

cut test. 

 Different types of surface treatments can be used to find which is more effective on 

improving the adhesion. 

 Plasma treatment with different gases can used. 

 Various contact angle methods can be used such as changing the liquid and tilting the 

plate. 

 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. 

 Methods to increase fiber-resin adhesion. 
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