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ABSTRACT 
 

he aim of this research was, in-depth, study of the surface treatment of Aluminium alloy 

which is widely used in industry in many important applications. Aluminium has some 

excellent properties, which make it one of the best choice for many industrial applications. 

Our attention was the surface treatment of Aluminium fins, since they might undergo under 

strong corrosion. In fact, water condensates on the fins of a heat exchangers, activating 

oxidative corrosion. Moreover, the fins are closely packed, and water clogging between two 

subsequent fins causes changes of heat transfer coefficient and blocks the circulation of air 

which directly effects the phenomena of convectional heat exchange.  

In our case, we may apply an hydrophilic films to avoid water to stay on the surface and 

disturb the heat transfer phenomena. We make the surface water attracting, with binder 

with high surface energy to induce the water spreading over surface rather than forming a 

stable drop that has a greater thickness influencing the heat transmission. 

Other approach could be the modification of the surface roughness of a film by addition of 

some inorganic additive like silica which also give higher spreading factors. By using, either a 

hydrophilic organic binder or, an inorganic additive to a common binder, we enhance hydro-

philicity.  

Our first goal was to make surface super-hydrophilic and, secondly, we have to keep in mind 

the surface after treatment have anti-corrosion tendency and this treatment is long lasting. 

We have used different techniques for the development of coating formulations and the 

applications, many materials i.e. polymers , solvents and different curing approaches to 

achieve our objective of developing a coating, with higher surface energy, which could be 

useful in this particular application. Application rod, on 2 µm, was used for the application of 

all the films to make sure the thickness remains lower followed by fast thermal curing. The 

properties and performance of the hydrophilic coating were examined by Optical Contact 

Angle (OCA) test and Fourier Transformed Infrared (FTIR) Spectroscopy. 

OCA test was useful to have contact angle values and examining the variation and 

consistency of contact angles with time under the microscope. In some cases, we saw very 

low contact angles like 10° but in some cases they were high above 80°. From chemical 

structure point of view, IR spectra reported that hydrophilicity of the coating corresponds to 

the presence of polar groups e.g. hydroxyl, –OH, Silanol, Si–OH, and amine, –NH2 and it was 

observed that increasing these polar groups increase the surface energy of the film which 

helps to overcome the surface tension of water drops. 
 

T 
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ASTRATTO 
 

'obiettivo di questa ricerca è stato lo studio del trattamento superficiale di una lega di 

alluminio che è ampiamente utilizzata nell'industria in molte importanti applicazioni. 

L'alluminio ha alcune proprietà eccellenti, che lo rendono una delle scelte migliori per molte 

applicazioni industriali. La nostra attenzione era rivolta al trattamento superficiale delle 

alette in alluminio usate negli scambiatori di calore poiché sono soggette a forte corrosione. 

Infatti, l'acqua condensa sulle alette di uno scambiatore di calore attivando l'ossidazione 

della corrosione. Inoltre, le alette sono strettamente assemblate e l'intasamento dell'acqua 

tra due pinne vicine provoca variazioni del coefficiente di trasmissione del calore. 

Nel nostro caso possiamo applicare un film idrofilico per evitare che l'acqua rimanga sulla 

superficie e disturbi i fenomeni di trasferimento del calore. Possaimo far scivolare l'acqua 

superficiale, con leganti ad alta energia superficiale, per indurre l'acqua a diffondersi sulla 

superficie piuttosto che formare una goccia stabile che ha maggiore spessore e dunque una 

minore conduzione termica. 

Un altro approccio potrebbe essere la modifica della rugosità della superficie di un film 

mediante l'aggiunta di alcuni additivi inorganici come la silice che forniscono anche buoni 

fattori di diffusione più elevati. Usando sia un legante organico idrofilico o un additivo 

inorganico a un legante comune, miglioriamo l'idrofilicità della superfice. 

Il nostro primo obiettivo era quello di rendere superidrofilica la superficie ma, in secondo 

luogo, occorre tenere presente che la superficie dopo il trattamento deve aver proprietà di 

protezione contro la corrosione anticorrosione e in modo stabile e duraturo. Abbiamo 

utilizzato diverse tecniche di sviluppo delle formulazioni di rivestimento e delle applicazioni, 

molti materiali: polimeri, solventi e diversi approcci di polimerizzazione per raggiungere il 

nostro obiettivo di sviluppare un rivestimento, con un'elevata energia superficiale, che 

potrebbe essere utile in questa particolare applicazione. Per applicare tutte le pellicole è 

stata utilizzata un'asta di applicazione su 2 μm per assicurarsi che lo spessore rimanga più 

basso seguito da una rapida polimerizzazione termica. Le proprietà e le prestazioni del 

rivestimento idrofilo sono state esaminate dal test “Optical Contact Angle” (OCA) e dalla 

spettroscopia a infrarossi trasformata di Fourier (FTIR). 

Il test OCA era utile per avere valori di angolo di contatto ed esaminare la variazione e la 

consistenza degli angoli di contatto con il tempo al microscopio. In alcuni casi, abbiamo visto 

angoli di contatto molto bassi come 10 ° ma in alcuni casi erano alti sopra gli 80 °. Dal punto 

di vista della struttura chimica, gli spettri IR hanno riportato che l'idrofilia del rivestimento 

corrisponde alla presenza di gruppi polari per es. idrossile, -OH, Silanolo, Si-OH e ammina, -

NH2 ed è stato osservato che l'aumento di questi gruppi polari aumenta l'energia 

superficiale del film che aiuta a superare la tensione superficiale delle gocce d'acqua. 

  

L 
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CHAPTER 1 

1 INTRODUCTION 

1.1 Research Objectives 

The objective of this research is to provide fins, used as heat exchange surface, a treatment 

which modifies the exchange surface in such a way that its affinity for water increases and 

therefore it could inhibit the bridging phenomenon due to dew which forms as a result of 

water condensation at lower temperatures. Another objective is to have anti corrosive 

aluminum surface for fins of heat exchangers.
[1]

 

We want to have a surface treatment for heat exchanger surface which can help us to achieve 

both of our objectives. The most appropriate fin material for finned block heat exchangers is 

aluminum. Aluminum and its alloys are light, easy to process, they have very good heat 

conductance as well as they are cheap and easily accessible. However, it is observed that 

moisture tends to be condensed on fin surface during cooling operations. If the fin surface is 

water repellent, this condensed water forms bridges between the fins, preventing smooth air 

flow, which in turn increases resistance of air flow, thereby decreasing heat exchange 

efficiency.
[2]

 

Although aluminum and its alloys are essentially excellent in corrosion resistance, it is likely 

that the condensed water remaining on the aluminum fin surfaces for a long period of time 

functions like an oxygen concentration cell, and that contaminants in the air are absorbed and 

concentrated in the condensed water. As a result, a hydration reaction and a corrosion 

reaction are accelerated. Those products, produced by the corrosion are, accumulated on the 

aluminum fin surface which not only negatively effects the heat exchange performance, but 

also are blown out of the air conditioners as white fine powders together with a hot air during 

the warming operations in the winter season. This also cause unpleasant odor. 

Aluminum fins, in highly corrosive environment, can in time degrade to such an extent that 

they cannot provide the required potential. In such conditions, special coating materials are 

used to extend the life of the exchanger. 

Epoxy and polyurethane are the most commonly used coating material for protecting metal 

surfaces from salty or acidic environments . The resistance of epoxy coated Aluminum to 

corrosion delivers satisfying results in many industrial applications. 
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In cases where the corrosive effect of liquid water is a more important factor than that of acid 

and salt, the need arises for a coating on which the water can be removed without staying on 

the fin for long. These coatings are classified under the general term of hydrophilic. This term 

is used to represent materials that are not easily wetted and they enable the fluid to flow 

easily off the surface. Hydrophilic coatings are particularly effective in environments of 

excessive condensation, to protect the exchanger from the corrosive effect of water. Water 

collects on the uncoated surface of the metal in large droplets. This leads to corrosion of the 

metals by the droplets, with the aid of the air flowing over the fins. Furthermore, the 

accumulated water droplets pose a resistance to the air flow and have a detrimental effect on 

the capacity of the exchanger.
[3]

 

In order to prevent accumulation of water droplets on the surface, the friction coefficient 

between the droplets and the surface should be decreased. Hydrophilic coating, by virtue of 

low surface tension, enables water droplets to flow off the surface without facing a lot of 

resistance. On coated surfaces, due to the low angle by which the droplets disperses easily 

and wet the fin surface rather than forming a droplets, which might conglomerate in large 

drops and later that might cause blocking of the free space between subsequent fins. Thus 

undesired accumulation is prevented and long operation of the exchanger at high performance 

is ensured.  

1.2 Description of the Project 

This study provide methods for making fins with an improved affinity for water, by providing 

a fin having a hydrophilic and anticorrosive coat. For this, specific resin is coated on 

aluminum surface and hydrophilicity is checked by contact angle analysis and to determine 

the functional groups we used IR analysis. All the test methods used are described in details 

in the continuation of the thesis. 

In the course of our work we developed a possible formulation for stable-hydrophilic coating 

by taking into count the possible requirements that includes; 

 The coating must be organic nature (inorganic additives are allowed). 

 The coating must be stable-hydrophilic. 

 The coating should have high affinity for water molecules with contact angle less than 

20
o
. 
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 The hydrophilic nature must be present after long washing and exposure to aggressive 

substances. 

 The coating must be anti-corrosive. 

 The coating must be very thin (few micrometers). 

 The coating should be very flexible because after deposition, aluminum fin are subjects 

to further processing. 

 The curing process must be carried out in oven for a very short time (few seconds) and 

at high temperature (about 200⁰C); for this reason, the cross-linking process should be 

thermally activated.  

1.3 Structure of the Thesis 

The work is divided into five chapters 

o Chapter 1 is an introductory chapter which includes the objective of our work and a 

brief description of our project which include the experiments and analysis which had 

been performed during the writing of the thesis. 

o Chapter 2  describe the state of the art which illustrates basic properties, like surface 

tension, of liquids and how they behaves when they come in contact with solid surfaces 

i.e. either cohesive forces remains dominant or adhesion becomes dominant etc. and 

also the correlation between different properties and their effects has been discussed. 

Later, in this chapter, materials and methods that can be used to achieve our objectives 

are discussed. 

o Chapter 3  describes, first, the materials which includes binders, solvents and 

additives, and methods of preparation of samples and characterization, which were used 

throughout the experimentation. 

o Chapter 4  describes the experimentations and their results. This chapter also includes 

the observations and hypothesis which were made on the basis of the obtained results 

from those experiments. 

o Chapter 5  includes some conclusions and also the future work related to this of this 

research.   
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CHAPTER 2 

2 STATE OF THE ART 

2.1 Surface Tension 

There are two types of molecules in a sample of water, one are on the outside, exterior, and 

other are on the inside, interior. The interior molecules are attracted towards all the molecules 

around them, whereas the exterior molecules are attracted to only the other surface molecules 

and to those below the surface. This makes it so that the energy state of the molecules on the 

interior is much lower than that of the molecules on the exterior. Because of this reason, the 

molecules try to maintain a minimum surface area, thus allowing more molecules to have a 

lower energy state. This creates surface tension. Figure 2.1 shows this phenomena.  

 

Figure 2.1: Surface tension on all molecules of water(inside and outside). 

The water molecules attract each other due to the water's polar property. The positive ends of 

hydrogen in comparison to the negative ends of the oxygen cause water to "stick" together. 

This is why there is surface tension and certain amount of energy is require to break these 

intermolecular bonds. Same happens with other liquids, even hydrophobic liquids such as oil. 

There are forces between the liquid such as Van der Waals forces that are responsible for the 

intermolecular forces found within the liquid. It will then take a certain amount of energy to 

break these forces, and the surface tension. Water is one liquid known to have a very high 

surface tension value and is difficult to overcome.
[4]

 

Surface tension of water can cause things to float which are more dense than water, allowing 

organisms to literally walk on water (Figure 2.2(b)). An Examples of such an organisms is 
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the water strider, which can run across the surface of water, due to the intermolecular forces 

of the molecules, and the force of the strider which is distributed to its legs. Surface tension 

also allows for the formation of droplets that we see in nature. 

 

                                                                                                                                                        

 

 

 

Figure 2.2: (a) leaves “float” on water because of surface tension. (b) Surface tension also 

allows water strider to “walk on water.” 

2.2 Wetting  

2.2.1   Properties of water 

2.2.1.1 Cohesion 

Water stick to itself and form droplets and bubbles is because of Cohesive forces. 

Cohesion define as the attraction of molecules for other same kind of molecules, and water 

molecules have strong cohesive forces because of  their ability to form hydrogen bonds with 

one another. Cohesive forces are responsible for surface tension. Surface tension is net effect 

of cohesive forces in downward direction on any surface. 

 

 

 

 

 

 

 

 

 

Figure 2.3: Cohesive forces among the liquid molecule. 
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Water molecules at the surface will form hydrogen bonds with their neighbors, just like water 

molecules deeper inside the liquid. However, because they are exposed to air on one side, 

they will have fewer neighboring water molecules to bond with, and will form stronger bonds 

with the neighbors they do have. Surface tension causes water to form spherical droplets and 

allows it to support small objects on its surface.
[5] 

2.2.1.1 Adhesion 

Water droplets stick to things is because of Adhesive forces. Adhesion is the attraction of 

molecules of one kind for molecules of a different kind, and it can be quite strong for water, 

especially with other molecules bearing positive or negative charges. Capillary action causes 

water to move up a capillary tube and it is a combination of cohesive and adhesive forces.  

For instance, adhesion enables water to “climb” upwards through capillary tubes placed 

inside a beaker of water. This upward motion against gravity, is called capillary action, 

depends on the attraction between water molecules and the glass walls of the tube (adhesion), 

as well as on interactions between water molecules (cohesion).     

The water molecules are more strongly attracted to the glass than they are to other water 

molecules (because glass molecules are even more polar than water molecules).                         

 

 

 

 

 

 

 

 

 

Figure 2.4: Capillary action. 

Figure 2.4 shows  the water level is  highest where it contacts the edges of the tube, and  

lowest in the middle. The curved surface formed by a liquid in a cylinder or tube is called 

a meniscus. 
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A combine effect of cohesion and adhesion can be seen in figure 2.5 where the drop 

formation is because of cohesion and the water drop is stuck to the end of the pine needles, 

which is effect of adhesion. And another property here is gravity, which is causing the water 

drops to roll along the pine needle, but the adhesion is holding them, for some time to the 

pine needle.
[5]

     

Figure 2.5: Combine effect of adhesion and cohesion. 

2.3 Hydrophilic and Hydrophobic behavior 

When a liquid drop is placed onto a solid surface, its behavior depends on the adhesive forces 

between the liquid and the surface (Figure 2.6). 

If the adhesive forces are attractive (the liquid is attracted to the solid surface), the liquid drop 

is pulled toward the surface and spreads along the surface. This type of surface is called 

"hydrophilic," If the adhesive forces are repellent (the liquid is repelled by the solid surface), 

the liquid drop minimizes its contact with the surface and is said to "bead." This type of 

surface is called "hydrophobic". Both have important applications in all types of engineering, 

including chemical, automotive, nautical, industrial and civil engineering.  

 

Figure 2.6: On a hydrophilic surface a water drop spreads out to increase the contact 

surface. On a hydrophobic surface a water drop contracts to minimize the contact surface. 
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2.3.1 Hydrophilic Coating 

Hydrophilic, or "water loving" surface, causes water to spread out and cover a surface rather 

than bead. These types of surfaces are especially useful to avoid loss of visibility due to 

condensation. Hydrophilic anti-fog coating to glass causes condensation to form into a thin 

layer of water instead of droplets.  

Water condensates on glass and causes it to become "foggy" because the tiny water droplets 

formed on the surface scatter light. The fog on the inside of a window is a comparatively 

small amount of water, when a hydrophilic anti-fog coating is applied to the glass it causes 

the water to form a layer of water rather than droplets, resulting in a very thin layer of water 

that is easy to see through. 

  

Figure 2.7:  While driving, visibility can be reduced by the rain falling outside and the 

condensation forming on the windshield inside. By changing the surface properties of the 

windshield, visibility can be improved. 

Outside the car window, there is a lot more water to contend with. Even if you could apply a 

coating to the outside of the window that caused the water to form a layer of water rather than 

drops, the water layer would accumulate very quickly and the water sheet would soon break 

up and reduce visibility. In this case, then, it is much more effective to apply a coating that 

helps remove the water as quickly as possible.  

2.3.2 Hydrophobic coating 

A hydrophobic, or "water hating" surface, causes water to form droplets on the surface and 

easily leave the surface. Adding hydrophobic rain-repellent glass treatments to windshields 
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causes water to bead and roll off the surface of the windshield and make driving less 

treacherous during rainy or snowy conditions. 

 

Figure 2.8: Water droplets spread out on a hydrophilic surface (left) and bead up on a 

hydrophobic surface (right). 

2.3.3 Correlation between the surface roughness and wet-ability 

Wenzel and Cassie-Baxter models have been proposed to understand the correlation between 

surface roughness and wet-ability. The behavior of a water droplet on a rough surface in both 

Wenzel’s and Cassie-Baxter’s state are schematically shown in Figure 2.9. 

A water drop can either fill the rough structure or sit above the rough structure. In Wenzel’s 

model, the liquid completely fills the rough structure of the solid surface after contact (Figure 

2.9a).  

Wenzel proposed that with increase in surface roughness, a hydrophobic surface will become 

more hydrophobic, whereas a hydrophilic surface will become more hydrophilic.  

When dealing with a dual scale surface structure, the Wenzel model is not satisfactory and 

therefore the Cassie-Baxter model was proposed. In the case of the Cassie-Baxter model, the 

liquid drop sits on the top asperities of dual scale surface structure and air is supposed to be 

trapped in rough structure underneath the liquid, which gives a high water contact angle. 
[42] 
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Figure 2.9: (a) hydrophilic surface with water contact angle less than 90°; (b) hydrophobic 

surface with water contact angle greater than 90° and (c) Super-hydrophobic surface with 

water contact angle larger than 150°. 

 

Figure 2.10: behavior a water droplet on a rough surface in (a) Wenzel’s and (b) Cassie-

Baxter’s state. 

2.4 Super hydrophobic surface applications 

 Water droplets placed on a super hydrophobic surface act like soft balls that can easily 

deform, roll and bounce, leading to various novel behaviors such as self-cleaning and 

anti-icing. These surfaces has high contact angle. 

 Extremely water-repellent super hydrophobic surfaces can be produced by using 

roughness combined with hydrophobic coatings 

 Inspired by the lotus leaf that shows super-hyrophobicity due to their roughness and 

the presence of a thin wax film on the leaf surface, and the phenomenon is known as 
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the “Lotus effect”, a revolution in self-cleaning surfaces is underway. Many 

researchers and engineers are developing synthetic super hydrophobic materials and 

products that mimic the lotus leaf's extremely water-repellent and self-cleaning 

properties.
[6]

 

 skyscraper windows and walls to never need human cleaning, not to mention an 

unlimited number of other objects: tents and awnings, painted houses, vehicle 

undercarriages, etc. 

 Already in everyday use is clothing fabric that repels ketchup, mustard, red wine and 

coffee. 

 Some technologists are developing self-deodorizing and disinfectant surfaces for 

bathrooms and hospitals. 

 Hydrophobic materials and coatings are used to make water-repellant clothing and 

backpacks.  

 Chemical engineers incorporate hydrophobic elements into outdoor paints and stains 

to protect wood and other building materials from the elements. 

 

 

Figure 2.11:   The concept of lotus leaf super hydrophobicity used for fabric treatment.  

2.5 Super-hydrophilicity  

The term super-hydrophilicity is only 11-12 years old and was introduced just after the 

explosion of research on super hydrophobic surfaces, in response to demand for surfaces and 

coatings with exceptionally strong affinity to water. 
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The term super-hydrophilicity appeared for the first time in the technical literature in 2000. In 

1997, Fuijishima demonstrated super hydrophilic effect on a glass slide coated with a thin 

TiO2 polycrystalline film (Figure 2.12). The spreading of water was the result of both 

hydrophilic properties of anatase exposed to UV radiation and sub-microscopic roughness of 

coating, although the effect of water spreading was entirely attributed to photo-induced self-

cleaning capability of TiO2 at that time, and the term super-hydrophilicity was not used.
[8] 

 

Figure 2.12: Effect of UV radiation on hydrophilicity and transparency of a glass slide 

coated with a TiO2 thin film. Water remains in shape of lenses with contact angle of 70-80o 

on the TiO2-coated glass when stored in dark (a,c), but spreads completely when exposed to 

UV radiation (b,d). 

Super-hydrophobicity, Super-hydrophilicity, and super-wetting are now the most popular 

topics in wetting studies. we should clarify what these concepts mean and which are the 

difference between hydrophilicity and super-hydrophilicity. 

Super hydrophobic surfaces are those which shows a water contact angle greater than 

150°.The necessary feature of both Super-hydrophobicity and super-hydrophilicity is surface 

roughness, in case of super-hydrophobicity the phenomenon is called lotus effect name 

derived from the behaviour of lotus leaves.  
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A super hydrophilic surface is a textured and/or structured surface (rough or porous) 

possessing roughness factor (r) defined by Wenzel equation, larger than r>1, where liquid 

spreads completely. In the table are shown the limiting values for all the possible behaviours 

of a surface with respect to water. 

Table 2.1: Limiting values for all the possible behaviors of a surface with respect to water. 

Water contact angle (ϑ) Behavior 

ϑ <10° Super-hydrophilic 

10°< ϑ<90° Hydrophilic 

90°< ϑ<150° Hydrophobic 

ϑ >150° Super-hydrophobic 

Both the Cassie-Baxter and Wenzel equations point out that the change in contact angle due 

to the chemistry of the surface is enhanced by roughness. 

2.6 Contact angle 

Contact angle is related both to surface tension and to thermodynamic equilibrium between 

phases, it is analyzed to measure the wet-ability of surfaces. 

 

Figure 2.13: A droplet on solid surface. 
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The contact angle is defined as the angle between the solid surface plane and the tangent to 

the liquid surface plotted at the point contact between three phases as depicted in figure 2.13. 

The contact angle defined by Young’s equation as expressed below: 

       
       
   

 

Where; 

    is the solid-vapour surface tension. 

    is the surface tension at solid-liquid interface. 

    is the surface tension at liquid-vapour interface. 

Contact angle obtained by Young’s equation is referred to ideal contact angle and is 

valid only for solid whose surface are homogenous, isotropic, smooth, rigid, and surrounding 

fluids are inert to such solid (no chemical reaction or specific adsorption or dissolution, or 

swelling or rearrangement of phase, functional groups and molecules).
[8]

   

 

Figure 2.14: liquid behavior on solid surface. 

Figure 2.14 shows droplet spreading on the solid surface. Non wetting and complete 

spreading correspond to super hydrophobic and super hydrophilic  phenomenon, while partial 

spreading is involved in between hydrophilic and hydrophobic.
[8] 

If the contact angle is higher than 90⁰, the liquid is said not wet to the solid, in such a case 

drops of liquid tends to move easily on the surface and not enter the capillary pores. On the 

other hand, a liquid is considered wet a solid only if the contact angle is nearly zero. In both 

cases, Young’s equation approaches the limit of applicability. 

Such system are, better, characterized by the Work of liquid spreading, i.e. spreading 

coefficient, which is defined as the work performed to spread the liquid over a unit surface 
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area of clean and non-reactive solid at constant temperature and pressure and in equilibrium 

with liquid vapor. Spreading coefficient SL/S is explained by the expression. 

                  

Where complete spreading occurs if SL/V ≥ 0, while partial spreading occurs if SL/V < 0  
[7]

 

2.6.1 Contact angle hysteresis 

The values of the contact angle we are dealing with till now are formed by a small drop of 

water on an ideal surface with no roughness. Now considering a real surface, that always 

present roughness in some extent. Dealing with rough surfaces we should also deal with 

dynamic contact angle measurements, on rough surface dynamic contact angle gives as result 

a different contact angle for the advancing drop (advancing contact angle   ) and the 

receding drop (receding contact angle   ). The difference between advancing and receding 

contact angle is called hysteresis and it’s a useful tool to define super-hydrophilicity on a real 

surface. The Young equilibrium contact angle is somewhere between those values. 

2.7 Design of a Heat Exchanger 

A fin for a heat exchanger which is highly hydrophilic and rustproof comprises a substrate of 

aluminium or an aluminium alloy having thereon a hydrophilic coat. Heat exchangers used in 

a wide range of applications including room air conditioners, car air conditioners and air 

conditioners incorporating space coolers and heaters, for example. These heat exchangers are 

made preponderantly of aluminium and aluminium alloys.  

 

(a)                                                                        (b) 

Figure 2.15 (a) and (b).coolant tube and fins of heat exchanger.
[1]
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As shown in Figure 2.15(a) & (b), they generally comprise a zigzagging tube 1 for carrying a 

coolant, refrigerant or the like and a multiplicity of fins 2 disposed substantially in parallel to 

one another around the tube. In the diagrams, 2’ denotes a protective plate.
[1] 

                                                      

 

 

 

 

 

 

 

 

(b)                                                             (d) 

Figure 2.16: (c) and (d). Schematic of heat exchanger geometry. 

2.7.1 Bridging Phenomena 

When the surface temperature of the fins 2 and the coolant tube 1 falls below the dew point 

while the cooler is in operation, dew adheres to the surfaces of the fins and coolant tube.  

At times, the dew corrodes fins of aluminium or aluminium alloy, producing a white 

corrosion product (consisting of aluminium hydroxide and other compounds). The surfaces of 

the fins therefore normally are provided with a rust proofing layer, for example, by a 

chromate-treatment or, in recent years, a resin coat or a silicate coat.  

To reduce size and improve performance, the designs for heat exchangers of this class of late 

have employed increasing numbers of fins and, therefore, have had an ever increasing 

available area of contact between the incoming air and the fins. For the same reasons, the 

space separating the fins is being reduced to the greatest extent possible without increasing 

the resistance to air flow between the fins. When the rust proofing layer mentioned above is 

hydrophobic, the dew adhering to the fins collects into hemispheres or spheres, which may 

grow until they reach the adjacent fins.  

When the dew reaches to the adjacent fins in this fashion, it can continue to collect by 

capillary action, clogging the spaces between the fins, - as illustrated in figure 2.17 This 
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phenomenon is called bridging. In figure 2.17, reference numeral 3 denotes a dew bead which 

has developed the bridging phenomenon, and 3’ two dew beads which have yet to reach this 

stage. 

 

 

 

Figure 2.17: sectional view illustrating the formation of dew in a space between two fins.
[1]

 

However, it is observed that moisture tends to be condensed and deposited as water droplets 

on the fin surfaces of air conditioners during cooling operations. If the fin surface is water-

repellent, this condensed water tends to be deposited in a hemispherical form on the fin 

surface or forms bridges between the fins, preventing smooth air flow, which in turn 

increases resistance of air flow, thereby decreasing heat exchange efficiency.
[2] 

2.7.2  Ways to increase heat exchanger efficiency  

2.7.2.1 Wavy fins 

The dominant thermal resistance for fin and tube heat exchangers is generally on the air side. 

As a result, to improve the thermal performance effectively and to reduce the size and weight 

of the heat exchanger significantly, enhanced surface geometries are often encountered in 

practical applications.  

 

Figure 2.18: Schematic of wavy fin and tube heat exchangers.
[1]

 

Wavy fins, as shown in Fig. 2.18, are among the very popular fin patterns. The wavy surface 

can lengthen the path of the air flow and cause better air flow mixing. Where, 

http://www.sciencedirect.com/science/article/pii/S0196890407000945?via%3Dihub#fig1
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Fp = fin pitch, 

Xf  = projected fin length (m), 

Pd = waffle height, 

2.7.2.1 Hydrophilic coating  

In practical applications, condensation phenomena will occur on the fin surface when the 

surface temperature is below the dew point temperatures of the incoming air. The presence of 

condensate water makes the heat/mass transfer process even more complicated since it has a 

high contact angle on the aluminium fins. 

 

Figure 2.19:  Coating structure of fin surface. 

The hydrophilic coating makes the condensate water existing on the fin surface form a water 

film, which decreases the air pressure drop and the deterioration of the heat transfer 

performance resulting from water drops. To explain this phenomenon, a separate visual study 

of the dehumidifying characteristics is performed under the same wavy fin and tube heat 

exchanger structure. The observations are shown in Fig. 2.21. One can see that there are no 

water drops on the fin surface with the hydrophilic coating. The condensate water can be 

drained in the form of the water film easily, but for the fin surface without hydrophilic 

coating, there are many water drops found. 

 

 

 

 

 

 

 

Figure 2.20:  Coating process of fin surface. 
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The condensate water may adhere to the surface as droplets, causing bridging the fin spacing, 

increases resistance of air flow
[1]

, deteriorating the heat transfer performance and increasing 

the air pressure drop. Furthermore, the condensate water may corrode aluminium fins and 

produce corrosion problems.  

A solution to solve this problem is to add a hydrophilic coating on the aluminium fins. The 

hydrophilic coating can effectively reduce the contact angle of the water condensate and 

improve the condensate drainage 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.21: Condensation photos of wavy fin and tube heat exchangers with and without 

hydrophilic coating. 
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The condensate water drops on the fin surface become more and more with the increase of 

frontal velocity. The water drops can exist on the fin surface when the surface tension of the 

water drops is bigger than their gravity. When the frontal velocity reaches 2.0 m s
−1

, many 

small diameter water drops begin to converge into larger diameter water drops.  

The surface tension of the larger diameter water drops is less than their gravity. The water 

drops begin to flow down the fin surface, and other small diameter water drops are taken at 

the same time. When the frontal velocity increases continually and reaches 3m s
−1

, the 

diameter of the water drop becomes so big that it bridges the fin spacing. 

The surface tension of the water drops increases quickly. The water drops exist on the fin 

surface, weaken the air side heat transfer performance and increase the pressure drop again. 

This phenomenon is more pronounced for small fin pitch.
[11] 

Hydrophilic coatings reduce the wet pressure drop significantly without decreasing the wet 

sensible heat transfer coefficient for a heat exchanger.
[12]

  

The effect of the hydrophilic coating on the heat transfer performance is relative to the 

condensate water state. When the condensate water drops on the uncoated fin surface cannot 

form plenty of water flow, the hydrophilic coating can enhance the heat transfer performance. 

The hydrophilic coating can reduce the air side pressure drop remarkably. 

2.8 Organic Coatings 

Coatings can be formulated from a wide variety of chemicals and materials, each component 

in the formulation serves a specific function. Four common components are pigments, 

additives, binders and the carrier fluid or solvent.
[13] 

2.8.1 Binder 

Binder is the base of coating and  is responsible for the cohesive forces that keep the structure 

and the continuity of the paint. It provides uniformity and it consists of one or more types of 

organic resins and the name of the family of paints is usually associated to the resin used; for 

example, an acrylic paint has an acrylic resin as binder. Common binders are ,acrylics, 

epoxies, polyesters, and urethanes.  

For all components of a paint, the binder is the only one that has to be present in every 

organic coating, in contrast with the other components, which can be absent from some 

formulations. Most binders consist of polymeric materials or macromolecules.  
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Figure 2.22: Effect of the number of layers on the pore structure of organic coatings. 

The use of multiple layers is not just the increased thickness but also the pores become 

discontinuous. 

2.8.2 Pigments 

Pigments are solid particles of dimensions typically below 1 μm, which are insoluble in the 

binder  and that consequently need to be mixed in it by a dispersion technique. 

They contribute a number of important characteristics to a coating. They, first of all, serve a 

decorative function. In many primers the principal function of pigments is to prevent 

corrosion of the base metal. In other cases they may be added to counteract the destructive 

action of ultraviolet light rays. They also modify the formulation influencing on the levelling 

of the coating after the application and consequently on the roughness. Pigments also help 

give body and good flow characteristics to the finish. 

2.8.3 Carrier Fluid 

The carrier fluid is typically a liquid such as an organic solvent or water. This component 

may be in the coating formulation before application, but evaporates afterwards to allow the 

solid to form the thin protective film. the solvent materials are mostly volatile organic 

compounds (VOCs) they are used for dissolution of the resin and for the control of viscosity, 

make the coating fluid enough for application, and they evaporate during and after 

application. One of the most serious problems associated with coatings is the wrong choice of 

solvent since it can severely affect the curing and adhesion characteristics of the final 

coating.
[14] 

http://www.paintcenter.org/ctc/Define2.cfm#Volatile Organic Compounds (VOC)
http://www.paintcenter.org/ctc/Define2.cfm#Volatile Organic Compounds (VOC)
http://www.paintcenter.org/ctc/Define2.cfm#Volatile Organic Compounds (VOC)
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2.8.4 Additives 

Additives are substances that are added to the coating formulation in low concentrations, 

Additives are usually low molecular weight chemicals in coating formulations that allow 

coatings to perform specific functions .Non-pigment additives include driers to reduce the 

drying time, by a catalytic effect in the film formation. stabilizers to block attacks of 

ultraviolet light or heat, curing additives to speed up the cross linking reaction, co-solvents to 

increase viscosity, or plasticizers to improve the flexibility of the dry film. 

Table 2.2: Components of coating material. 
[13]

 

 

2.9    Formulation of Hydrophilic Coating 

The purpose of our work is to obtain a hydrophilic surface with contact angle in the range 

between 10-20
o
 and that, super-hydrophilicity, should be maintained even after washing. This 

can be achieved by controlling the chemistry of the coating or modifying the topography of 

the surface.  

To improve hydrophilicity, modification of the chemical composition is the best way and this 

can be obtain by increasing the surface tension of the coating and avoiding water soluble 

substances. The higher the surface tension the better the hydrophilic properties. But the 

drawback is higher surface tension implies high interfacial free energy when the hydrophilic 

surface is in contact with water, which also means thermodynamic instability. Some 

examples of polymer along with their critical surface tension (is the surface tension at which 

a liquid just completely wets a solid) values are given in table 3.
[15]

 
[16] 
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Table 2.3:  Critical surface tension of polymers. 

 

For hydrophilic coatings, choice of resin is the most important then comes the selection of 

additives and surfactants, in this section we will see which material we can use to obtain a 

hydrophilic surface.
 [17] 

2.9.1   Hydrophilic Polymers 

Hydrophilic polymers are those polymers which dissolve in, or are swollen by, water. Many 

compounds of major technical and economic importance fall within this definition, including 

many polymers of natural origin.  

In fact, more than two-thirds of hydrophilic or water-soluble polymers used in industry are 

derived from polymers of natural origin, so coming from renewable resources (harvested 

crops, trees, waste animal products etc.) rather than petrochemical sources of finite 

availability.
[16]
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For convenience, hydrophilic and water-soluble polymers can be considered as three 

principal groups: 

a) Natural polymers, nearly all based on carbohydrates or proteins, usually of complex 

chemical structure. 

b) Semi-synthetic polymers, mainly based on celluloses (from wood pulp, or cotton 

linters), which are reacted with functional chemicals of petrochemical origin. 

c) Synthetic polymers, prepared by polymerization of monomers of petrochemical 

origin. 

2.9.2    Factor Affecting the Properties of Hydrophilic Polymer 

2.9.2.1 Polarity  

A polymer can show polar behaviour depending on the presence and percentage of oxygen 

and nitrogen. nitrogen is present in many hydrophilic polymers but in a lesser extent than 

oxygen.
[17] 

Both hydrophilicity and wetting are result of some polar interaction with substrate, so the 

chemical groups present in polymeric coating they have to be polar and if polarity is higher, 

more will be the water sensitivity and other factors of molecule that cooperate in modifying 

the affinity with water are chain length and cross-linking. 

2.9.2.2 Cross-linking 

An increase cross linking cause decrease in water sensitivity. Depending on degree of cross-

linking a hydrophilic polymer can behave in three different ways: 

 High degree of cross-linking = polymer preserves its affinity to water and it present as 

a solid and can’t absorb water. 

 Low degree of cross-linking =  polymer can swell but not dissolve case of hydrogels. 

 No cross-linking the hydrophilic polymer completely dissolve in water. 

Hydrophilic polymers are not usually used by themselves, their properties can be modified 

adding other substances: by copolymerization, blending the hydrophilic polymer with another 

polymer, forming inter-penetrating polymer networks or semi-IPNs. 

2.9.2.3 Chain length  

Increased chain length cause decrease water sensitivity. It can be seen in the table 4. 
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Table 2.4: relation between polymer structure and water sensitivity.  

 

2.9.2.4 Molecular weight 

The film will lose its mechanical properties if he molecular weight of polymer is too low  and 

could also become soluble in water, and the density of cross-linking , which should be 

preferably high. 

2.9.3   Examples of Hydrophilic Polymers 

Some of the hydrophilic polymers are, 
[15]

 

 Polyethylene oxide (PEO) 

 Polyvinyl alcohol (PVA) 

 Polycarboxylic acid 

 Poly N-vinyl 2-pyrrolidone (PVNP) 

2.9.3.1 Polyethylene oxide (PEO) 

It is typically used in conjunction with other 

polymers as semi-IPN or copolymerized as block 

or graft copolymers. It is also the basic ingredients 

to form hydrophilic polyurethanes. Another 

important hydrophilic polymer (which has been 

exploit for our application) is polyethylene glycol 

(PEG). It has the same structure as PEO but ends 

with two hydroxyl groups.  
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2.9.3.2 Polyvinyl alcohol (PVA) 

The hydroxyl group is polar and confer the hydrophilic 

character. The structure of the polymer is simple and it can 

be symmetric permitting the presence of some degree of 

crystallinity. The final properties depend on the degree of 

crystallinity the tacticity the degree of polymerization and 

the degree of hydrolysis; higher degree of hydrolysis mean 

higher crystallinity, higher strength but also lower solubility 

in water.  

2.9.3.3 Polycarboxylic acid 

In the figure on the left we can see polyacrylic acid (PAA) 

which together with polymethacrylic acid (PMAA) is the 

most used. Polycarboxylic acids due to the high mobility 

of side chains can have an amphiphilic character.  

2.9.3.4 Poly N-vinyl 2-pyrrolidone (PVNP) 

As we can see from the figure the lateral chains of PNVP 

contain both hydrogen and nitrogen that impart strong 

polarity. The size and regularity of these side chains 

produces free volume which confer flexibility alongside with 

hydrophilicity.  

PVNP can be copolymerized or can be used to form IPN. In 

literature
 
an example has been elaborated, where polyvinyl 

pyrrolidine is added in a percentage of 0,3 to 6 %wt. on the 

solid, if we add less than 0,3 %wt. the coating fails to show 

long lasting hydrophilic properties and if we add more than 6 %wt. the film-forming 

properties of the hydrophilic coating will become poor. 
[43] 

 

These are only few example between others we can name also polyacrylonitrile and 

polyurethanes. The latter shows some interesting features because of their solubility in many 

solvents, their flexibility in dry state and most of all their reactivity which allow good cross 

linking or anchoring reactions.
 [44]
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2.9.3.5 Surfactants 

Surfactants are defined as surface active agents which reduce the tension between two 

immiscible systems, they act reducing the surface tension of the liquid at the interface. They 

are composed of a hydrophobic portion (usually a long alkyl chain) and hydrophilic part such 

that they can orient exposing the hydrophilic side on the surface forming hydrogen bonds 

with water. They are water soluble.  

Surfactants can be divided in four classes, depending on their hydrophilic groups. 
[45] 

 Anionic surfactants: are negatively charged in aqueous solution, very often 

sulphonate, sulphate or phosphate groups. These are an important group, they include 

sulphate sulphonates and carboxylates. 

 Cationic surfactants: are positively charged in aqueous solution, the main components 

being quaternary ammonium compounds.  

 Amphoteric surfactants: contain both anionic and cationic parts in the same molecule 

which cannot be separated by dissociation.  

 Non-ionic surfactants: no formation of ions in aqueous solution; the hydrophilic part 

are OH-groups, ethylene oxide or propylene oxide chains. 

Few percentage of surfactants are usually applied; an example from the literature regarding a 

hydrophilic coating for medical application where surfactants can be added in percentages 

varying from 0,001 to 1 wt.%, preferably between 0,05 and 0,5 wt.%.
 [48] 

2.10   Coating application methods 

This section provides a general description of the various application methods and an outline 

of the typical problems and causes encountered in applying coatings.  

Many factors like film thickness, operating cost and structure of the objects to be coated  

affect the choice of method to be used for a particular application. 

2.10.1   Brush Coating 

Applying paint by brush is an ancient technique, it is slower than spraying but it gives 

excellent results when done with skill using the proper brush and technique. Poor application 

will lead to an uneven coating and incorrect film thickness. 
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Brushing works the paint into pores and crevices in a way that spraying does not accomplish. 

At the same time, brushing is preferred method of applying primers, especially on rough or 

imperfectly cleaned surfaces because it cleans away the surface contaminants and promote 

good adhesion.  

A good quality brush should be used. After use all brushes should be thoroughly cleaned and 

dried. Some of advantages of using brush method are: 

 Low capital cost  

 Suitable for on-site application  

 Independent of power  

 No loss through overspray  

 Short set-up time  

Possibly the most important technical advantage of brush application is in the priming of 

timber and steel. It ensures complete wetting of the surface and surface irregularities.  

2.10.2   Roller Coating   

The roller applicator is a fast and convenient way of applying different types of pigmented 

coatings to large and flat surfaces. Roll coating is widely used and is efficient, but is 

applicable only to uniform flat or cylindrical surfaces. It also gives excellent results on 

porous or textured surfaces such as brick, cinder block, and plaster. And it is one of the best 

methods available for painting wire fence and grillwork. The roller applicator may be used 

with oil paints, alkyd enamels, latex paints, and various other synthetic resin base coatings 

that do not set up too quickly. Quick-setting materials such as lacquers cannot be applied by 

roller. 

Four types of rollers are in common use – synthetic fibre, lamb’s wool, mohair and plastic 

foam. Lamb’s wool and synthetic fibre are suitable for most types of paints - the plastic foam 

types are limited in their use as the foam is attacked by some solvent thinned paints. 

Synthetic fibre generally gives the most efficient transfer of coating to the surface. Mohair is 

usually only used for fine finishing. 
[18] 

The usual roller consists of a metal cylinder or cylindrical frame that rotates on an axle 

supported at the ends by a frame to which a handle of any convenient length is attached. The 

cylinder is covered with a replaceable "sweater" of a suitable napped material— usually 

wool, mohair, nylon, or acrylic fibre. For use with water-based paints, a type of roller cover is 
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available in which the napped material is bonded to a stiff hollow core of a suitable plastic or 

a resin-impregnated cardboard which can be easily slipped on and off the roller frame.  

The length and texture of the nap or pile are of prime importance in determining the 

application properties of the tool. Rough surfaces require long-nap roller covers. The longer 

the nap, the more the amount of paint that can be held, and' the greater the stippling or 

"orange peel" effect. Wool covers hold more paint than other kinds and produce an attractive 

stipple that makes them preferred for most interior painting of walls and ceilings with oil- or 

alkyd-based paints.
[19] 

Rollers offer a faster means of applying coatings than brush application, but they do not work 

paint into the surface irregularities as well as brushes. Matt finishes are particularly suitable 

for roller application but a little more skill is required for gloss finishes. 

2.10.3   Direct Roll Coating 

In this process coating liquid is rolled onto the substrate/fabric by a roller suspended in the 

coating solution as it can be seen in figure 2.23, often a blade is positioned close to the roller 

to ensure not too much coating solution is applied.
[18]

 

 

Figure 2.23: Direct Roll Coating. 

2.10.4   Spray Coating 

Spraying is used on flat surface, but is practically applicable to coating irregularly shaped 

articles. More paint is applied by spraying than by any other method because of its general 

applicability to most painting situations, and because of its speed and resultant savings in 

time and labour costs. Spraying is particularly convenient for overhead work, for large areas, 

and for reaching into areas inaccessible to brushing.  
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There are two main types of spray processes: air spray and airless spray. In air spray, 

compressed air is used to atomize the liquid paint and compressed gas with pressure of 20 – 

100 psi is used, while airless spray uses hydraulic pressure to atomize the paint and a pressure 

of 2000 psi or above is usually required.
[20][21] 

Many different types of equipment are used for spraying; all atomize the liquid coating into 

droplets. Droplet size depends on the type of spray gun and coating; variables include air and 

fluid pressure, fluid flow, surface tension, viscosity, and in the case of electrostatic 

application, voltage.
[22] 

Table 2.5: General Properties For Spray Equipment. 

 

Spray application is widely used in industry and offers many advantages: 

 Speed of application  

 Control of film thickness  

 Allows the use of fast drying coatings 

 Uniform finish  

 Can be installed as an automatic process 
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Where overspray is a problem, this may be reduced or overcome by Using High Volume, 

Low Pressure equipment and Reverting to brush, roller or airless spray application. 

2.10.5   Dipping 

Dipping is a fast and economical method of industrial finishing, one that lends itself to a 

continuous conveyorized operation from initial cleaning of the surface to final curing of the 

coating. Despite the seeming simplicity and ease of dip coating, it is actually a difficult 

process because of the many variables that must be closely controlled to obtain a satisfactory 

finish.  

The principle of dipping is simple: the object is dipped into a tank of coating and pulled out 

and the excess coating drains back into the dip tank. In practice, satisfactory coating 

application by dipping is more complex. While excess coating is draining off the object, a 

gradation of film thickness develops; the coating thickness on the top of the object is thinner 

than that of the bottom. During draining, solvent is evaporating and in determining the 

thickness and uniformity of the coating two parameters i.e. the composition and viscosity of 

the coating material are of importance. 

Control of viscosity requires control of both temperature and solvent evaporation in the dip 

tank. Loss of solvent does not merely raise the viscosity; through the differential evaporation 

of lower-boiling constituents, the solvent balance also is changed—and along with it the 

drying and drainage behavior of the coating. Adding more of the original thinner can restore 

the proper viscosity but does not restore the original solvent balance. 

The differences in film thickness can be minimized by controlling the withdrawal rate of the 

object from the dip tank and the rate of evaporation of the solvent. If the object is withdrawn 

slowly enough and the solvent evaporates rapidly enough, film thickness approaching 

uniformity on vertical flat panels can be achieved. In actual production, the rate of 

withdrawal is usually faster than optimum so there is some thickness different between the 

top and the bottom of the object. 

In industrial finishing, a practical remedy for the evaporation problem is to maintain a nearly 

solvent saturated atmosphere in the dipping room; however, this greatly increases the risk of 

fire and requires every possible precaution against sparks and flame. Water-thinned coatings 

are free from the problems of differential evaporation and fire hazard but may introduce 

coverage and drainage problems of their own. 
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The dip tank should be no larger than is necessary to accommodate the object and should 

have a minimum cross-sectional area to minimize solvent evaporation and coating 

deterioration. An agitator should be provided for the continual stirring of pigmented 

materials. Clear coatings should be stirred occasionally and whenever the material in the tank 

is replenished. The tank should be kept covered when not in use to reduce the fire hazard. 

An advantage of dip coating is that all surfaces are coated, not just the outer surfaces 

accessible to spray. However, there are difficulties in dipping irregularly shaped objects. 
[38] 

2.10.6   Flow Coating 

Flow coating is a process in which the coating material is flowed onto the object from a hose, 

after which the excess material is allowed to drain off into a shallow tank or drip pan and 

recovered for reuse. Flow coating is very similar to dipping in its requirements for close 

control of the coating composition, viscosity, drying rate, and drainage characteristics—but it 

has the advantage of not requiring a large dip tank. The coating material is supplied from a 

central reservoir which can feed several hoses at a time if desired, while permitting 

convenient sampling and control of the coating composition at its source.  

In both the dipping and the flow coating processes, the manner in which the object is hung 

(particularly if it is of complex shape) is of the utmost importance in achieving a uniform 

coating without unsightly drip beads or fat edges.
[19] 

2.11   Curing Methods 

It is a drying process of the coating, during the process, the solvent evaporated, leaving the 

resin on the substrate surface. It hardens the polymer by cross-linking of the polymer chain. 

Curing and deposition, both are important phases for the preparation of surface coating, they 

impact on the final result of the coating by influence on the morphology and on the 

chemistry, chemistry is mostly linked with the curing. According to the curing mechanism, 

the curing technologies can be categorized as radiation curing and thermal curing.  

2.11.1   Radiation curing 

Radiation curing is based on the ionization of radiation sensitive polymers by the use of high 

energy electromagnetic radiation such as gamma ray, x-ray, ultraviolet or accelerated electron 

beams. Radiation curing is initiated by the ionic or free radical intermediates decomposed by 

the radiation sensitive resin on irradiation.  
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Radiation curing provides some unique technological superiority compared to thermal curing, 

including improved resin stability, handling flexibility, fast curing speed, energy efficiency, 

etc. 

2.11.2   Thermal Curing 

Thermal curing is by far the most popular curing method for polymer composites, in view of 

the mature thermal curing material systems and curing processes. the thermal curing of a two-

component resin system, which needs a hardener or catalyst combination with the primary 

resin to induce cross linking or curing. 

Nowadays, great variety of thermal heating processes for thermal curing are in application, 

including infrared, laser, microwave, hot shoe, hot gas, flame, oven, induction, ultrasonic, 

resistance heating and etc.  

According to the heating mechanism, they can be categorized into radiation heating (infrared, 

laser and microwave), convection & conduction heating (hot gas, flame, oven, and hot shoe), 

induction heating, ultrasonic heating, resistance heating and thermal additive-based heating. 

The dominant curing process today for advanced polymer composites is still based on 

thermal curing using a range of thermal heating processes, in which the oven or autoclave is 

widely used. Because polymers and their composites have low thermal conductivity (epoxy 

resin thermal conductivity at 25 °C: 0.19 W/m K), conventional thermal curing processes for 

polymer composites are time and cost intensive. 
[23]

 

2.12   Film Characterization methods 

It is very important to know about the features of the surface before and after surface 

treatment and how a coating has modified the properties of surface. We need to know the 

factors, e.g. film composition and surface roughness etc., which are responsible for the 

changes in surface properties. So, we need some characterization techniques which help us to 

understand better the surface modification and also the results of those modifications after 

any surface treatment. There are many techniques which are being used to have an idea of the 

surface condition and composition of film for coated surfaces.  
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2.12.1   FTIR Spectroscopy  

Infrared absorption spectroscopy is an analytical technique which is used to get an idea of the 

molecular functions present in a film by getting an absorption spectra of infrared radiation 

through the film. This technique is usually used for organic and polymeric materials but for 

inorganic materials its use is very limited .  

FTIR Spectrometers, commonly called as FTIRs, are used for this purpose. An FTIR (Fourier 

Transform Infrared) spectroscopy is a method of obtaining infrared spectra when the film 

samples are exposed to infrared radiation. In FTIRs, interferogram of a sample signal is 

collected first by using an interferometer and then Fourier Transform (FT) is applied on the 

already obtained interferogram to obtain the spectra. So, an FT-IR Spectrometer collects and 

digitizes the interferogram, performs the FT function, and displays the spectrum. These 

Infrared spectra are molecular vibration spectra.  

 

Figure 2.24: The Thermo Scientific™ Nicolet™ iS™10 FT-IR Spectrometer. 

Molecules present within the sample selectively absorb radiation of specific wavelengths 

which causes the change of dipole moment of sample molecules, resulting the vibration 

energy levels of sample molecules to move from ground state to excited state. The spectra 

obtained from FTIRs have number of peaks with different frequencies and intensities where 

the frequencies of the absorption peaks are determined by the vibration energy gaps.  

https://www.newport.com/c/ft-ir-spectrometers
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The number of absorption peaks are related to the number of vibration freedom of the 

molecule while the intensity of absorption peaks is related to the change of dipole moment 

and the possibility of the transition of energy levels. 

By analysing these IR-spectra, we can have a good idea about the structure information of a 

molecule and functions present in the film. Therefore we can guess the one of the factors and 

a reason, behind the difference in results after application of a film on surface, which is its 

composition of film. 

FTIRs have wide range of applications due to their capability to analyse almost all the gas, 

liquid and solid samples. The common used spectra region for infrared absorption 

spectroscopy is 4000 ~ 400 cm
-1

 because the absorption radiation of most organic compounds 

and inorganic ions falls within this region. Figure 2.24 shows the FTIR Spectrometer which 

we use for our samples.  

We used The Thermo-scientific™ Nicolet™ iS™10 FT-IR Spectrometer which offers the 

highest confidence in materials identification and verification. We, just, need to load our 

sample, it generates the spectrum and press print. This design is being used for rugged, 

precise and fast-paced operations. The spectral range for this equipment is 7800-350 [cm
-1

] 

optimized, mid-infrared KBr beam splitter and 11000-375 [cm
-1

] XT KBr extended range 

mid-infrared optics. 

2.12.2   Optical Contact Angle test (OCA)  

The angle formed between the liquid–solid interface and the liquid–vapour interface is the 

contact angle. Contact angle is an extremely versatile technique which is being used for 

characterization of both liquids and solids.  

Contact Angle Meters are used for the determination of wetting characteristics of solid 

materials. Contact angle meters, which are also known as optical tensiometers or 

goniometers, allow direct and experimental measurements of surface tension, interfacial 

tension and contact angles. These equipments capture drop images and automatically analyse 

the drop shape as a function of time.  

The drop shape is function of surface tension of liquid, gravity and the density difference 

between sample liquid and surrounding medium. On a solid, the liquid forms a drop with a 

contact angle which also depends on the solid’s surface free energy. 
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The captured image is analysed with a drop profile fitting method in order to determine 

contact angles with solid surface and also surface tension. Along with the static contact angle 

measurements, these instruments also allow us to monitor the variation of contact angles with 

the passage of time as we can see the drop, live, on monitor screen.  

A droplet of different volumes can be produced and allowed to fall on solid surface by a 

syringe which is positioned exactly above the sample surface, while the high resolution 

camera which captures the static or live images is positioned on one side to capture side view 

i.e. contact angles. 

 

Figure 2.25: Data-Physics mod. OCA 15 plus, contact angle measuring device. 

We used the OCA 15 Plus by Data-Physics is the measuring device for professional contact 

angle measurements. The OCA 15 Plus can be easily disassembled for transportation in the 

optional case. For a convenient access to the surface and interfacial measurement techniques 

two pre-configured packages are available which include all necessary components to start 

right away. 
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 This equipment can be operated manually and also by computer. So it is quite helpful and 

very user friendly device for the measurement contact angles and monitoring of the shape of 

the drops. The very detailed results consisting of contact angles, possible error and volumes 

of drops etc. can be obtained in the form of number and also it give results in the form of 

graphical trends of contact angles with time.  

 

Fig. 2.26:Water Contact angle images of a drop by OCA over a super-hydrophilic surface  : 

A-initial shape of drop ,B-drop shape after 10 seconds, C-shape after 20 seconds, D-shape 

after 30 seconds and E-shape after 40 seconds. 

Figure 2.26. illustrate the shape variations of a single drop over a super hydrophilic surface 

where a drop of water ,initially, gives contact angle above 60° but it, quickly, decreases and 

within few seconds it fall below 10°. It can be seen that in last image there is no more drop 

and water has, completely, spread over the surface of substrate forming a thin film. Which 

show the strong surface energy of the substrate surface which overcame the surface tension of 

water and forced it to form a film over substrate. Water contact angle may also be effected by 

the roughness and impurities e.g. dust present on the surface of substrate so it has to make 

sure, that before taking any measurement, the sample surface is clean otherwise same sample 

will give different values of water contact angle. So, samples should be handled and 

preserved carefully in order to have accurate test results from these kind of equipments.       
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2.12.3   Stereoscopic Microscopy  

The stereoscopic microscopy is a technique by the help of which very small objects are 

observed by using magnification principles. For this purpose the instrument used is called 

stereo or stereoscopic or dissecting microscope which is an optical microscope, designed for 

low magnification observation of a sample, typically using reflected light from the surface 

where the subject sample is placed for observation.  

 

Figure 2.27: Stereo microscope. 

The lighting is also different than on other types of microscopes. It uses reflected, or 

episcopic, illumination to light up specimens. This is ideal when dealing with thick or opaque 

samples. This instrument uses two separate optical paths with two objective lenses and 

eyepieces to provide slightly different viewing angles for each eye. This arrangement 

produces a three-dimensional visualization of the sample, being examined, to the naked eye. 
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The stereo microscope is often used to study the surface of solid specimens or to carry out 

close work such as dissection, watch-making, microsurgery, PCB manufacturing and their 

inspection etc. An estimated 99% of stereo applications employ less than 50x magnification.
 

There are two major types of magnification systems in stereo microscopes. One type is fixed 

magnification where primary magnification is achieved by those two objective lenses with a 

set degree of magnification. The other is zoom or pancreatic magnification, which are 

capable of a continuously variable degree of magnification across a set range. Zoom systems 

can achieve further magnification through the use of auxiliary objectives that increase total 

magnification. Also, total magnification in both fixed and zoom systems can be varied by 

changing eyepieces. 

2.12.4   Optical Emission Spectroscopy (OES)  

Optical Emission Spectroscopy, or OES, is a well trusted and widely used analytical 

technique which is, usually, used to determine the elemental composition of a broad range of 

metals. The electromagnetic spectrum which is used by OES includes visible spectrum and 

some portion from the ultraviolet spectrum. In terms of wavelength, it ranges from 130 to 800 

nanometres. OES can analyse a wide range of elements, especially metals, giving very high 

accuracy, high precision and low detection limits.
 [25] 

OES analysers consist of three main components, the first is an electrical source to excite 

atoms within a metallic sample so that they emit characteristic light, or optical emission, lines 

– requires a small part of the sample to be heated to very high temperatures. This is done 

using a high electrical voltage source in the spectrometer through an electrode. 

The difference in electrical potential between the sample and electrode produces an electrical 

discharge, this discharge passes through the sample, which heats and later vaporize the 

material at the surface and exciting the atoms of the material, which then emits the element-

characteristic emission lines. Two forms of electrical discharge can be generated, either an 

arc or a spark. The second component, of these analysers, is an optical system. The light, 

which is actually the multiple optical emission lines from the vaporized sample known as a 

plasma, pass into the spectrometer. 

A diffraction grading in the spectrometer separates the incoming light into element-specific 

wavelengths. The last part is a detector which measures the intensity of light for each 

wavelength coming from optical system.  
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Figure 2.28: Optical Emission Spectrometer. 

The intensity measured is proportional to the concentration of the elements present in the 

sample. Detectors (photomultiplier tubes) measure the presence or absence of the spectrum 

extracted for each element and the intensity of the spectrum to perform qualitative and 

quantitative analysis of the elements. This technique is utilized to determine chemical 

composition of Aluminium substrate. 

2.12.5   Profilometer Test 

Profilometer is a measuring instrument used to measure a surface's profile, in order to 

quantify surface roughness. Profilometers normally consist of at least two parts, a detector 

and a sample stage.  The detector is what determines where the points on the sample are and 

the sample stage is what holds the sample.  In some systems, the sample stage moves to allow 

for measurement, in others the detector moves and in some both move. 
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Figure 2.29 (a) Stylus Profilometer, (b) Optical Profilometer. 

There are two types of profilometers: first one is called stylus and other one is an optical type 

profilometer. Stylus or contact profilometers, Shown in figure 2.29 (a), use a probe to detect 

the surface, physically moving a probe along the surface in order to acquire the surface 

height. This is done mechanically. There is a feedback loop which monitors the force from 

the sample pushing up against the probe as it scans along the surface. Stylus profilometry 

requires force feedback and physically touching the surface, so while it is extremely sensitive 

and provides high Z resolution, it is sensitive to soft surfaces and the probe can become 

contaminated by the surface.  This technique can also damage the surface of samples. Since, 

stylus profilometer involves physical movements in X, Y and Z while maintaining contact 

with the surface, it is slower than non-contact techniques. The stylus tip size and shape can 

influence the measurements and limit the lateral resolution.  

The second type, i.e. optical or non-contact profilometry shown in figure 2.29 (b), uses light 

instead of a physical probe and this can be done in many ways.  The key component to this 

technique is directing the light in a way that it can detect the surface in 3D.  Examples 

include optical interference, using a confocal aperture, focus and phase detection, and 

projecting a pattern onto the optical image. One of the image can be seen in figure 2.30. 
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Figure 2.30: Image from Optical Profilometer. 

2.12.6   Atomic Force Microscopy (AFM) 

Atomic force microscopes (AFMs) are one of very improved microscope. AFMs provide 

images of atoms on or inside surfaces. Likewise the Scanning Electron Microscope (SEM), 

the purpose, of the atomic force microscope, is to look at objects on the atomic level. In fact, 

the AFM may be used to look at individual atoms.
[26]

 It is commonly used 

in Nanotechnology.  

 

Figure. 2.31 AFM Instrument. 

The AFM has the advantage of taking images from, almost, any type of surface including 

polymers, ceramics, composites, glass, and biological samples. 
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Figure 2.32: (a) A new AFM tip; inset: The end of the new tip. (b) A used AFM tip. 

Piezoelectric ceramics are a class of materials that expand or contract when in the presence of 

a voltage gradient. Piezo-ceramics make it possible to create three-dimensional positioning 

devices of arbitrarily high precision. AFM operation methods can be divided in two groups: 

continuous contact modes, and dynamic modes, which are commonly used to take images 

based on the vibration of the probe with oscillating movements. 

 

Figure. 2.33: AFM is working with an optical lever. 

AFM is one kind of scanning probe microscopes (SPM). To acquire an image, the SPM 

raster-scans the probe over a small area of the sample, measuring the local property 
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simultaneously. AFMs operate by measuring force between a probe and the sample. 

Normally, the probe is a sharp tip, which is a 3-6 um tall pyramid with 15-40nm end radius 

(Figure 2.32). Though the lateral resolution of AFM is low (~30nm) due to the convolution, 

the vertical resolution can be up to 0.1nm. 

To get the image resolution, AFMs can generally measure the vertical and lateral deflections 

of the cantilever by using the optical lever. These optical levers operate by reflecting a laser 

beam off the cantilever. The reflected laser beam strikes a position-sensitive photo-detector 

consisting of four-segment photo-detector. The differences between the segments of photo-

detector of signals indicate the position of the laser spot on the detector and thus the angular 

deflections of the cantilever (Figure 2.33). Piezo-ceramics position the tip with high 

resolution. 

2.12.7   Thermo-gravimetric Analysis (TGA)  

The Thermo-gravimetric Analyzer (TGA) is an essential laboratory tool used for material 

characterization. TGA, thermal analysis, is used as a technique to characterize materials used 

in various environmental, food, pharmaceutical, and petrochemical applications. TGA 

measures the amount of weight change of a material.  

 

Figure 2.34: Thermo-gravimetric analyzer. 
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The TGA was generally complemented with Differential Thermo-gravimetry analysis (DTG) 

This change of weight could either be a function of increasing temperature, or isothermally as 

a function of time, in an inert atmosphere e.g. nitrogen, helium, air, other gas, or in vacuum. 

TGA can be interfaced with a mass spectrometer RGA to monitor and measure the vapours 

generated, though there is greater sensitivity in two separate measurements. Inorganic 

materials, metals, polymers and plastics, ceramics, glasses, and composite materials can be 

analysed by using TGA. The temperature range from 25°C to 900°C normally but in some 

cases these instruments may have an upper temperature limit of 1500°C. Normally, Sample 

weight can range from 1 mg to 150 mg. But sample weights of more than 10 mg are 

preferred, but excellent results are sometimes obtainable on 1 mg of material. Weight change 

sensitivity of TGAs could be as low as 0.01 mg and the samples can be analysed in different 

forms i.e. powder or small pieces so the interior sample temperature remains close to the 

measured gas temperature. 

Commonly TGA determines temperature and weight change of decomposition reactions, 

which often allows quantitative composition analysis. It may, also, be used to determine 

water content or the residual solvents in a material. It also allows the analysis of reactions 

with air, oxygen, or other reactive gases. Moreover, it can be used to measure evaporation 

rates as a function of temperature, such as to measure the volatile emissions of liquid 

mixtures. It allows to determine the Curie temperatures of magnetic transitions by measuring 

the temperature at which the force exerted by a nearby magnet disappears on heating or 

reappears on cooling. It helps to identify plastics and organic materials by measuring the 

temperature of bond scissions in inert atmospheres or of oxidation in air or oxygen. It can 

determine the purity of a mineral, inorganic compound, or organic material. 
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Chapter # 3 

3 MATERIALS AND METHODS 

In previous chapter we have discussed about different materials and methods which are being 

used to get coatings with hydrophilic behaviour and, also, how we prepare and characterize 

them. In this section we will cover the details about the materials, which we have used during 

the period of experimentation, including; substrates, polymers, additives, solvents, etc.  

The second part of this chapter is dedicated to the preparation procedures of coatings which, 

also, includes the application method, curing technique and characterization techniques that 

we used for coatings. 

3.1 Materials 

3.1.1  Substrate 

The substrate, for coatings used during all the experimentations, was an Aluminium alloy. 

Aluminium, due to its unique properties like it can be welded, brazed, riveted or resin bonded 

etc., has wide range of applications. Apart from these unique properties Aluminium is 

malleable and excellent conductor of heat and electricity. These properties make Aluminium 

one of the best choice in almost all kinds of industries.  

Since it is the requirement of industry to find out better coating for Aluminium Fins, used in 

coils of heat transfer equipments, so this Aluminium alloy was chosen. Aluminium alloy 

AW-8079 is, In European standards, available with code name EN AW-8079. AlFe1Si is the 

EN chemical designation of this alloy. The density of alloy is 2.72 g/cm³ (metric) or 0.0983 

lb/in³ (imperial). The approximate dimensions for the substrate used was about 40 x 50 x 0.15 

(mm
3
). The composition of this alloy is given in the table 3.1

[27]
 

Table 3.1: Chemical composition of EN AW-8079
[27]

. 

Element Al Fe Si Cu Zn Others (total) 

Weight % ≤98.10 0.70-1.30 0.050-0.30 ≤0.050 ≤0.10 ≤0.15 
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EN AW-8079 was used in all experimentations and every time, before the application of a 

film, substrates were cleaned first by demineralised water and then with iso-butanol to make 

sure that every time we have a clean Aluminium surface.  

3.1.2 Polymers 

Different waterborne as well as solvent based organic polymers, which are recommended in 

literature, were used e.g. Poly (2-acrylamido-2-methyl-1-propanesulfonic acid) Solution, 

poly-Acrylates, Epoxy Resin and Poly-Urethanes etc.    

 3.1.2.1 Poly (2-acrylamido-2-methyl-1-propanesulfonic acid) Solution 

Poly (2-acrylamido-2-methyl-1-propanesulfonic acid) solution is a colourless, very heavy 

polymer with average Mw around 2,000,000 and its solution is available in different weight 

percentages, in water, up to 99wt.%. Poly (2-acrylamido-2-methyl-1-propanesulfonic acid) 

solution, we used, was 15 wt.% in water. This polymer is structured with a backbone of 

hydrophobic (polyacrylic) group with a strongly hydrophilic branch (a polysulfonic acid 

polymer). with the reference of literature, where it had been claimed that this polymer has 

tendency to show very good hydrophilic behaviour and it is good choice for the Aluminium 

fins which are being used in heat exchangers, so this polymer solution was used, initially, to 

achieve our objectives.
[9]

 

 

Figure 3.1: chemical structure of Poly (2-acrylamido-2-methyl-1-propanesulfonic acid). 

This polymer shows strong hydrophilic behaviour. The initial contact angle over pure coating 

of this polymer showed good hydrophilic behaviour. This behaviour is due to the presence 

highly polar groups i.e. –NH and –SO
-3

 in its structure. Figure 3.1 Shows the Structure of 

Poly (2-acrylamido-2-methyl-1-propanesulfonic acid). It has strong Acidic PH i.e. 1.0 to 3.0. 

so, some time in formulation of coating base of Poly (2-acrylamido-2-methyl-1-
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propanesulfonic acid), PH adjusting additives are used e.g. DME (dimethyl-amino-ethanol) 

which helps to increase PH around 7.0.
[9]

 

This polymer is a result of polymerization of 2-acrylamido-2-methyl-1-propanesulfonic acid 

monomer in different ways e.g. one of them is describe in literature,
[10]

 where polymerization 

is carried out in water (100 grams) in the presence of Ferrous Sulphate Heptahydrate (0.01 

gram), Hydrogen Peroxide 0.05% Solution (0.25 grams) and Monomer (100 grams) is used. 

This process is carried out at elevated temperatures in a resin flask equipped with a stirrer, 

gas inlet tube, condenser and thermometer. Different conditions are responsible to achieve 

different molecular weights of this polymer, normally, ranging from 1,000,000 to 5,000,000 

and it could be up to 10,000,000.  Preparation of this polymer is also described in 

literature.
[24]

 

3.1.2.2 Acrylic resin 

Acrylic resins are hydrophilic and have a good resistance to hydrolysis for this reason they 

are a good choice. The acrylic resin which was provided by Beckers group (sr. no. 

CAC160600848), was a water emulsion which contains 10% of organic solvents and 

melamine as a cross linking agent according to the data provided by Beckers group.  The 

non-volatile part of the resin is about 30%wt.  The viscosity of Acrylic resin measured by 

Ford flow cup is about 20 sec or 0.75 cP.
[28]

 

The exact composition of the resin is unknown since it was confidential and was not provided 

by Beckers group. But FTIR analysis, of this Acrylic resin, gives some idea about the 

possible groups present in this composition. IR analysis Shows the presence of strong polar 

Groups. the contact angle measured initially of this Acrylic resin was about 20° which could 

be acceptable but the main issues related to the acrylic resin films were related to stability. 

these films are not stable and they are washed out easily. 

3.1.2.3 Epoxy resin 

Epoxy resins are usually used in application for hydrophobic purpose as they show strong 

hydrophobic behaviour. On the other end, epoxy coatings are very stable and anti-corrosive. 

So, we used epoxy resin in some of our formulations, along with PAMS in order to get our 

desired properties from both of these polymer systems i.e. hydrophilic behaviour of PAMS 

and stable and anti-corrosive behaviour from Epoxy resin. The important thing for this 

combination which should not be neglected is the nature of these resins. PAMS is Water 

borne and Epoxy resin, which was used, is solvent based and they are immiscible. The other 
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important thing is the hydrophobicity of epoxy resin which cannot be neglected because our 

objective is to have a hydrophilic behaviour and by using epoxy we were going in opposite 

direction. so we had to be careful while using this approach. 

Two component epoxy system, by Gelson S.r.l, was used consisting of component A “epoxy 

resin” (MS65510) and component B “Catalyser/Cross linker” (MS65520). Exact 

compositions of both, component A and component B, are unknown. We mix both 

component before the application of the film, in 2:1 or 3:1 respectively, depending upon the 

specifications and advise from the supplier. Once epoxy component A and B are mixed they 

should be applied on substrate immediately and thermally cured after application. So, 

application and curing had to be immediate because when epoxy components are mixed they 

start cross linking and if we do not apply the film on substrate and dried the samples 

immediately, we might have variations in applied films and ultimately we might not be able 

to get accurate results.    

3.1.2.4 Polyurethane resins 

After Epoxy resin, for stability and anti-corrosive behaviour, second option was Polyurethane 

resin (PU). These resins are usually solvent based and behaviour is hydrophobic but many 

waterborne Polyurethanes are also there, described in literature, which have application in 

hydrophilic systems. We use two polyurethane resins during our experiments.  One is 

provided by Kraemer, “Kramorex” is the commercial name of a modified high flexible 

polyurethane resin and, to us, it was available as 75% in ethyl acetate with very high 

viscosity; 15-30 Poise. One unwanted feature of this PU is related to the cross linking 

mechanism, which is not a thermally activated. The maximum allowed time and temperature, 

were not enough to crosslink this PU and it remained uncured i.e. wet and sticky after thermal 

treatments. this was main issue we faced during our experimentation especially when we used 

two-layer system of application of PU as first film and poly (2-acrylamido-2-methyl-1-

propanesulfonic acid) or Acrylic resin as second film over PU. It usually needs some other 

one or more components i.e. cross-linkers which help in complete curing of the films over 

substrates. 

Second PU resin which we used, was provided by Beckers group. This polyurethane is also 

solvent based i.e. 45% in an unknown organic solvent. The good thing about this PU is it’s 

cross linking mechanism which is thermally activated, so it was cross linked with in our 

required temperature limit and given time when we were using two film system. 
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3.1.3 Solvents 

3.1.3.1 Water 

Our objective was to produce a waterborne coating and in almost all of our formulations we 

have used PAMS or/and acrylic resins, which are waterborne, as our target polymer to 

produce hydrophilic coating. In every formulation for dilution or/and salvation, water was 

used. Demineralised water, or also called as demi-water, is water from which the 

salts/minerals are removed and it is almost 100% pure H2O. Since demi-water contains very 

low fraction of impurities so it was used in all of our coating formulations and, also, in 

cleaning/rinsing purpose of our substrates. 

3.1.3.2 Methyl Ethyl Ketone 

Methyl Ethyl Ketone (MEK) also available with the name of butanone having chemical 

formula CH3C(O)CH2CH3 is colourless organic solvent with sharp, sweet odour reminiscent 

of butterscotch and acetone. It has very large use in coating industry as solvent e.g. in 

processes involving gums, resins, cellulose acetate and nitrocellulose coatings.  

We used MEK while the dispersion of epoxy resin / polyurethane in waterborne coating to 

provide solvation and to help in the dispersion of epoxy resin and PU. MEK (Methyl Ethyl 

Ketone) from two manufacturers was used i.e. 

1. 2-Butanone, ACS, 99+% (liquid) by Alfa Aesar. 

2. Methyl Ethyl Ketone (8052) by J.T. Baker. 

3.1.3.3 Other Solvents 

Other solvents which were used in our formulations includes Ethyl-Acetate for the dilution of 

polyurethane, Iso-butanol and acetone for dilution, cleaning and rinsing purpose. While using 

any kind of strong solvents, we should keep in mind that their presence in our coating system 

might also have a negative impact to our coatings and substrates e.g. normally, strong solvent 

like MEK are corrosive in nature so we try to avoid them in our formulations. 

3.1.4 Additives 

3.1.4.1 Dispersing Agents 

Dispersing agents are usually added to formulations in order to improve the separation of 

particles from each other and to prevent settling or clumping which, in other words, helps to 

have uniformity of concentration throughout the solutions or/and suspensions. T588 which is 



51 
 

55% in water and Sodium Dodecyl Sulphate (C12H25NaO4S) i.e. a powder provided by VWR 

International Ltd., were used as dispersing agents to disperse Polyurethanes and epoxy resin 

in waterborne coating formulations.  

3.1.4.2 Inorganic Pigments 

Since we have used the coating which were transparent and did show any colour so in some 

formulations we used some organic pigments to give them colour. We tried to disperse these 

pigments in our organic coatings by dissolving them is some strong solvents like ethyl acetate 

and methyl ethyl ketone (MEK) etc. 

Our required film thickness is 2 microns (µm) and after washing some of the coating were 

too thin to be detected by naked eye. So, the main purpose behind, giving colour to the 

coating, was to check either the film remains on substrate after washing of the sample or it 

washed out completely.  

3.2 Methods  

3.2.1 Methods of sample preparation 

In sample preparation, first of all we prepared our substrates then next step was the 

preparation of our coating and then application of coating on substrate were done, ultimately 

we used thermal treatment of our sample in order to cure the film by using convection oven. 

For the first step, we took our substrate which comes in large sheets of thickness around 0.15 

mm and we cut it into small pieces of our selected dimensions i.e.   40 x 50 (mm
2
) and then 

we cleaned it with solvents i.e. ethanol, Iso-butanol or acetone to make sure that substrate 

surface was clean and we don’t have any kind of impurity on it then we immersed our 

substrate in demi-water to remove, if there are any, solvent contents from substrate surface 

which may affect our film and finally we dry our substrate on little elevated temperatures i.e. 

45°C-50°C to dry it.   

Once we prepared the substrate then we moved to the next step which was preparation of  our 

coating and their applications on substrate. In most of the case pure polymers were applied on 

substrate and they were already in prepared form by the suppliers e.g. pure PAMS, Epoxy 

resin and PU etc. In some cases they were diluted by adding solvents in them at room 

temperature by using magnetic stirrer in beakers. But for the preparation of coating, where we 

tried to disperse solvent based Epoxy and Polyurethanes, we used a setup consisting of round 

bottom flask with reflux condenser and used a heating bath of silicon oil for heating purpose. 
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The setup shown in figure 3.2 demonstrates our apparatus which we used for dispersion of 

PU and Epoxy resins. Magnetic stirrers with in both, heating bath and also in round-bottom 

flask were used, to make sure the effective heat distribution and uniform temperature 

throughout our mixing system. Heating and mixing was done by using Hot plate magnetic 

stirrers. Temperatures of coating mixtures were monitored all the time during preparation of 

coatings by the help of thermometers. The exact formulations, temperatures, mixing times 

and sequence of putting components are described in next chapter . 

 

Figure 3.2 PU and Epoxy Dispersion Apparatus.  

Once we have our final coating, we applied by using application rod of 2 µm. Although, we 

have many methods for the application of a film on substrate and some of them, we have 

already discussed in previous chapter but for our work, in every film application we used 

application rod in order to make sure the thickness of our coatings were not exceeding the 

threshold value, which was 2 µm.  

After the application of films on substrate we, immediately, put our sample inside oven for 

thermal treatment. Our required drying temperature was 235°C for 10-15 seconds but we also 
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perform thermal treatments on lower temperatures for higher time durations to study better, 

the results and effects of temperature and thermal treatment time durations on film curing 

and, ultimately, their effects on contact angle and film compositions. In next chapter, we have 

discussed the temperature and drying time variations in details.     

3.2.2 Methods of film characterization 

For the characterization of the coating there are many techniques which are discussed 

in previous chapter. But, keeping in mind our objectives and availability of equipments, we 

used only Fourier transformed Infrared Spectroscopy (FTIR) and Optical Contact Angle 

(OCA). 

To get idea about the composition of our final coatings Fourier transformed Infrared 

Spectroscopy (FTIR) was used which help to determine the results i.e. which groups are there 

in our coating before and after the washing test. FTIR helped to know which groups were 

responsible of showing the respective behaviours e.g. hydrophilic behaviour of our film and 

after wash, what is the change in composition of film, which groups remains and which of 

them are washed out from film.  

To know about the contact angle on film, before and after washing of sample, Optical 

Contact Angle (OCA) was used which showed the contact angles of our film and the 

variations with time i.e. if decrease then how fast it decrease or if they stay consistent then for 

how long they stay consistent, also the effect of washing on them i.e. either contact angle 

decrease or increase after washing test. 

For washing test, we, simply, put our sample under running water for 30 to 40 seconds and 

then dry it again at higher temperature, same which we used for thermal treatment of that 

particular sample. After drying we used to repeat same film test i.e. FTIR and OCA. Since, it 

was our objective to obtain a stable and hydrophilic film so washing was done to know either 

our film was stable or no and did it showed the same hydrophilic behaviour i.e. contact angles 

before and after washing.  
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Chapter # 4 

4 RESULT DISCUSSIONS 

In search of best hydrophilic and stable coating, we performed series of different experiments 

on Aluminium substrate by changing coating materials, formulations of coatings, application 

methods e.g. single layer film or double layer film applications, and thermal treatments i.e. 

slow drying for longer time and fast drying for shorter times etc. 

This chapter will cover the results of our experimentations, the observations and hypothesis 

that we made from those results and  later the conclusions from those experiments. Since 

there were too many experiments, it was not possible to explain all of them. That is why, only 

relevant and concludable experimental results are discussed here. We started our 

experimentations from application of pure coating films of PAMS and PA-Beckers solution, 

then we used PAMS and PA-Beckers together, then we used PAMS with Epoxy in mixture 

form and two-layer system of separate layers and later we used PU-resins along with PA-

beckers. 

4.1 Poly-2-acrylamido-2-methyl-1-propanesulfonic_acid (PAMS) 

Solution  

Very first material we used for our Experimentations was PAMS (Poly 2-acrylamido-2-

methyl-1-propanesulfonic acid Solution) which is structured with a backbone of hydrophobic 

(a polyacrylic) group with a strongly hydrophilic branch (polysulfonic acid polymer). 

Films of Pure PAMS (Poly 2-acrylamido-2-methyl-1-propanesulfonic acid Solution), which 

is 15% in water, were applied on pre-cleaned Aluminium substrate by application rod of 2µm 

thickness and thermally treated in oven at different temperatures. figure 4.1 shows some of 

the contact angle results from initial experiments. 

These samples of Poly (2-acrylamido-2-methyl-1-propanesulfonic acid) Solution film were 

thermally cured on 105
o
C, 110

o
C, 180

o
C and 235

o
C for 60 minutes, 120 minutes, 10 seconds 

and 10 seconds respectively. The Initial contact angles obtained by OCA, of these films, were 

around 26 which decreased gradually down to 10 degrees in 30 to 40 seconds which shows 

very promising results of giving a strong hydrophilic film on substrate. But to check weather 
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this film shows the similar results after washing, we washed some of the samples and again 

checked the contact angle of film. 

 

Figure 4.1: contact angle variations with time on pure PAMS film. 

The results obtained by OCA of washed films were even better than the results obtained 

before washing. The contact angles were lower after washing and one of those results can see 

in the figure 4.2.  

 

Figure 4.2: contact angle variations with time on pure PAMS  film before and after washing. 
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The results were looked good but the main issue was related to the stability of the film. 

Before washing the film was prominent and it was visible with naked eye but after washing, 

there were no visible films on substrates. Most of the contents were washed out while 

washing the sample. So we tried to disperse some of available inorganic pigments in PAMS 

solution by using some strong solvents like MEK to give the our coating a colour so the film 

could be examined before and after wash. This approach was used to verify either the film 

remain or not after washing test. The extent of dispersion was very small and the results 

showed that film after washing does not stay on substrate. 

Figure 4.3 shows the results obtained from FTIR analysis which is done before and after 

washing of the sample of pure PAMS film. 

 

Figure 4.3: Absorption spectra of PAMS film before and after wash. 

4.1.1 Observations 

1. By contact angle analysis, this polymer showed promising results regarding to 

hydrophilicity and gave a super hydrophilic surface treatment to Aluminium substrate. 
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2. Results from FTIR showed total changing of the composition of the film after 

washing. Before washing, FTIR showed clearly the presence of different functional 

groups in the film which were very clear since the peaks are clear but after washing 

we were unable to observe those clear peaks which were present before washing 

showing that most of the film contents were washed out from substrate surface upon 

washing. 

3. Although it seemed like the surface was washed away, still hydrophilicity of surface 

remains unchanged. 

4. Heat treatments for different time periods and at different temperatures showed that 

polymer gets dry after all those treatment options but drying at 235
o
C for 10 seconds 

showed better result and it is one the requirement of the coating we were looking for. 

5. In FTIR analysis, we clearly observe high peaks that shows water is present in large 

quantity in PAMS film before washing. 

6. After washing, FTIR analysis showed complex results that do not shows, clearly, the 

presence of water and other functional groups of PAMS film. 

4.1.2 Hypothesis 

After washing the hydrophilicity of surfaces remains unchanged and the film was 

disappeared, so we assumed that the polymer would have modified the surface of substrate 

and because of that the substrate behaved strongly hydrophilic. That modification could be a 

result of acidic action by sulfonic acid group present in the PAMS composition. 

4.1.3 Conclusion 

PAMS gave a film with strong hydrophilic behaviour even after several washings, which was 

one of our objective, but that film was not stable and durable so we concluded that we 

couldn’t use pure PAMS film, solely, as the surface treatment of Aluminium substrate which 

were supposed to be used in heating coils.  

If the objective is to have only a hydrophilic surface then that treatment of substrate with 

PAMS is enough as it fulfilled the requirement but we had to make that film stable, so that, it 

could stay for longer times on Aluminium substrate. That is why, we moved on to other 

options like using some other types of polymers which are stable and durable polymers and 

which could help PAMS film to stay on substrate. 
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4.2 Poly-Acrylate (PA) Beckers Solution 

A coating consists of Poly-Acrylate solution (30% solids in water) provided by Beckers 

group, initially, gave very strong hydrophilic film. Pure PA-Beckers was applied by 

application rod on substrate and thermally treated at 235°C for 10 seconds. FTIR analysis and 

Contact angles analysis were done for the coated substrate with pure PA-Beckers and same 

analysis were done after washing the samples. Figure 4.4 shows the variation in the contact 

angle of water drops over substrate with passage of time before and after washing the 

samples. 

 

Figure 4.4: Contact angle Variations with time over Poly-Acrylate (30% solution in water). 

The procedures of coating preparation and film applications were the same as the previous 

experimentations where we used PAMS i.e. cleaning of substrate with iso-butanol and water 

and then drying of substrate. 

After drying of substrate, we applied the film over substrate by application rod of 2 µm and 

dried in oven at 235
o
C for 10 seconds and then same characterization techniques were used 

i.e. FTIR and Contact angle analysis. Samples were, then, washed and dried on same 

temperature (235
o
C) and for same time (10 sec).  
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Finally, their FTIR and contact angle analysis were done again. the only difference in this 

experimentation was the material we used which ,in this case, is PA-Beckers. Figure 4.5 

shows the FTIR analysis of PA-Beckers coated Aluminium surface before and after washing. 

Figure 4.5: Absorption spectra of PA-Beckers solution film before and after wash. 

4.2.1 Observations 

1. It was clear that contact angle were smaller and they further decreased with time 

which were strong hydrophilic results. 

2. Just like the case of Poly (2-acrylamido-2-methyl-1-propanesulfonic acid) Solution 

film, after washing, most of the portion of the film was not observable by naked eye.  

3. FTIR shows the presence of functional Groups before and also after washing there 

were many peaks which were clearly observable in the result of this analysis which 

showed the presence of coating on the surface. While the absence of the functional 

groups which were present before washing the sample were the evidence of washing 

away of some of the film. 

4. In previous case, of Poly-(2-acrylamido-2-methyl-1-propanesulfonic acid) Solution 

film, most of the part of film was washed out but the contact angle remains very low 
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but in the case of PA-Beckers, contact angle after washing were greater as compared 

to the angles obtained before washing of the same coated samples. 

4.2.2 Hypothesis 

The hydrophilic behaviour of the film is due to the presence of polar groups. Probably, in this 

case of PA-Beckers , unlike the case of PAMS films, the polymer did not modify the surface 

of substrate and the hydrophilic behaviour before and after washing is, only, due to those 

polar groups which were present in the this PA.  

We can assume that, on washing, some of those polar groups were washed out that is why 

after washing the contact angles were greater than before. 

4.2.3 Conclusions 

A substrate coated with PA-Beckers with 30% solids in H2O shows strong hydrophilic 

behaviour but this film did not resist washings and may washed out completely after some 

washings without doing any kind of modification of substrate surface, unlike we saw in case 

of PAMS film, where PAMS had modified the surface and the contact angles were consistent 

even after washing. But in this case, hydrophilic behaviour decreased after washing so we can 

conclude that the film is not stable and also the hydrophilic behaviour decreased after running 

water over the film so these result are totally unacceptable since we needed a stable coating 

which could resist washing and also shows hydrophilic behaviour after washing. 

4.3 PAMS and PA-Beckers in Bulk 

Although both of the previous results showed that films of PA-beckers and PAMS had 

stability issues yet we did some experimentations by mixing these two polymers in each other 

and different percentages of PAMS were added in PA-Beckers solution aiming to get some 

better results in terms of stability as compared to the previous results from pure films of PA-

Beckers and PAMS on substrate. The compositions of those films were 5%, 10%, 15%, 20% 

and 30% of PAMS in PA-Beckers.  

So, those formulations contained mainly PA-Beckers solution and comparatively smaller 

percentages of Poly (2-acrylamido-2-methyl-1-propanesulfonic acid) solution. Since, both of 

these polymers were waterborne, we did not face any mixing issue and by simple mixing with 

stirrer at room temperature we were able to mix them easily.  
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Application method and thermal treatments were the same, for these given results in figure 

4.6 , like the conditions we used for the previous case of Pure PA-Beckers and pure PAMS 

solution experiments i.e. film application with 2 µm application rod and drying in oven at 

235
o
C for 10 seconds. 

 

Figure 4.6: Contact angle variations with time on film of PAMS+PA mixture. 

 

  Figure 4.7: Absorption spectra of PA-Becker and with 5% & 10% of PAMS. 
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Figure 4.8 Contact angle variations before and after washing sample under running water. 

 

Figure 4.9: Absorption spectra film of PAMS and PA-Beckers mixture before and after wash. 
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Figure 4.10: Absorption spectra of Pure PAMS and PA-Beckers in comparison with their 

mixtures. 

4.3.1 Observations 

1. From the contact angle analysis, we observed that contact angles obtained from the 

film  of pure PA-Beckers applied on substrate were little greater than the contact 

angles obtained over pure PAMS film. 

2. By increasing percentage of PAMS in PA, the contact angles showed an increasing 

trend as we went from 0% to 30% of PAMS in PA-Beckers.  

3. After washing, contact angles were even lower than before washing. 

4. some of the samples with higher quantities of PAMS i.e. 20% and 30%, did not give 

any contact angle result because no drop were formed on the surface of film. When 

water drops were allowed to falls on film, water penetrated through the film and 

spread over the surface of substrate. The film was acting like a membrane and it was 

clearly observed that water was spreading over substrate and a thin film was floating 

over water.  
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5. FTIR analysis did not show any significant changes in the composition of PA-Beckers 

after adding PAMS. even if there were some changes in the peaks but they were very 

small and there were no new peaks due the addition of PAMS. 

6. After washing the composition of all these samples, containing different percentages 

of PAMS, showed similar trend. so one type of spectra for all the sample before wash 

and the other type of spectra was observed after washing. 

7. FTIR of samples with high percentages of PAMS were not clear since there films 

were badly damaged as a result of water contact. 

4.3.2 Hypothesis 

Those observations were clear but the results were not acceptable as lower percentages of 

PAMS in PA-Beckers were giving greater contact angles and higher percentages were 

showing some strange behaviour of destruction of film upon water contact which, we 

assumed, was a result of  reaction between water and cured film on surface that leaded to the 

damaged surface. 

4.3.3 Conclusions 

This approach didn’t give any good result in terms of Contact angle and also the issue of 

stability was still there. A new phenomena of film damage was also observed after all these 

observations and the results obtained, it was quite clear that this approach was not suitable to 

achieve our objective of having a stable and hydrophilic coating. 

4.4 PAMPS and Epoxy-Resin in Bulk 

Until that point we had some good hydrophilic results from pure PA-Beckers and PAMS 

films but our main issues were related to the stability and, we needed to have a coating that 

had also an anticorrosive behaviour. In literature, there are hundreds of publications which 

claimed about the great stability of some polymers like epoxy resins. we started further 

experimentation to make some coatings by mixing our hydrophilic polymers i.e. PA-Beckers 

and PAMS with Epoxy resin.  

In previous chapters, we have already discussed that epoxy resin is solvent based while both 

of our hydrophilic polymers i.e. PAMS and PA-Beckers are water borne, so that was a 

difficult task to mix them since waterborne and solvent based systems were apparently 

immiscible. If we try to mix them in normal way, they form two separate layers or drops of 
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PAMS/PA-Beckers floating over epoxy phase. so the mixing had to be efficient and we had 

to use some different way of mixing than normal mixing.  

So, we used heating and mixing at the same time and the Apparatus, used to disperse PAMS 

in epoxy, can be seen in figure 3.2. The procedure of mixing was simple. By using the 

apparatus demonstrated in figure 3.2, where the round bottom flask which was adjusted over 

heating oil bath and equipped with hot plate stirrer.  

For temperature monitoring, one thermometer was placed in oil bath and one was placed in 

flask, through one of those two side inlets of flask, where we were going to disperse PAMS 

solution in Epoxy resin. The top inlet of flask was closed with cotton to avoid any kind of 

loss of solvent. One of the side inlet was used to add materials during mixing procedure 

whenever needed while all remaining time during mixing it was kept closed by the help of 

plug. PAMS, in different percentages, was gradually added in Epoxy i.e. given in table 4.1. 

Table 4.1: compositions and contact angles of different mixtures of PAMS in Epoxy resin. 

Experiment Epoxy (A+B in 

2:1) 

PAMS (15% in 

H20) 

Thermal 

treatment 

Contact 

angle 

1 15 gr 0 235°C for 25 sec. 84.3 

2 14.25 gr 0.75 gr 235°C for 25 sec. 83.6 

3 13.50 gr 1.50 gr 235°C for 25 sec. 81.4 

4 12.75 gr 2.25 gr 235°C for 25 sec. 82.8 

First, we added Epoxy component A in flask and turned on the stirrer and heater. We heated 

epoxy component A up to 40°C -45°C. After that, we started adding PAMS solution, drop 

wise, in the flask on the same temperature and. we had to make sure that PAMS was added 

slowly at higher temperature and with continuous stirring in order to have uniform dispersion.  

When we added all the PAMS solution in flask we mixed it for 5 to 10 minutes and then the 

heating bath was removed and our mixture was allowed to cool down to the room 

temperature. Then, we added Epoxy component B in the mixture. As we have discussed in 

previous chapters, we could not add component B of epoxy before or during the dispersion of 

PAMS in Epoxy because epoxy curing phenomena would have been started before dispersion 
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of PAMS. Once we completed the addition of all the components of our formulations and we 

cooled our mixer then we applied a film on pre-cleaned Aluminium substrate by using 

application rod. We dried our film in oven.  

 

Fig. 4.11: Absorption spectra of Pure epoxy and with different percentages of PAMS. 

The formulations we used in this set of experiments contains different quantities of PAMS 

i.e. 5%, 10% and 15% of PAMS in Epoxy resin and epoxy resin was catalyzed by 

Component B in recommended ratio of 2:1. Table 4.1 shows the composition, thermal 

treatment and contact angle results we obtained.  Thermal treatment for longer time were 

done because in 10 to 20 seconds epoxy resins were unable to be cured completely at 235°C.  

It was difficult to mix PAMS in Epoxy due to high densities of both and we didn’t get good 

results from this approach so we decided to dilute this mixture to get better mixing. Mixing 

procedure was almost the same as we used before but in this case there was one addition of 

MEK. First, we added Epoxy component A in flask and turned on the stirrer and heater. We 

heated epoxy component A, up to 40°C -45°C, and then we added MEK to make epoxy resin 

dilute so that we could easily disperse PAMS in Epoxy resin. Then we added PAMS solution 

in flask and mixed it for 5 to 10 minutes and then removed the heating bath and cooled our 
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mixture to room temperature then we added Epoxy component B in the mixture and applied a 

film on pre-cleaned Aluminium substrate by using application rod. We dried our film in oven 

on 235°C for 25 sec. figure 4.12 and figure 4.13 illustrates the variations in contact angle and 

FTIR for different formulations related to PAMS and Epoxy(A+B) Mixture, respectively. 

Table 4.2 shows the final composition used for this approach which also includes MEK as 

solvent. 

Table 4.2: the composition of the coating mixture of PAMS and Epoxy. 

Materials Quantity  

PAMS solution (15% in water) 25.5 grams 

3.825 gr PAMS 

21.675 gr water 

Methyl-ethyl-Ketone (MEK) 23 gr 

Epoxy resin (Component A) 51.2 gr 

Epoxy catalyzer (Component B) 25.6 gr 

 

Figure 4.12: Contact angle Variations on films of Epoxy and its mixture with different PAMS 

percentages. 
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Figure 4.13: Absorption spectra for Epoxy and its mixture with different PAMS percentages. 

Figure 4.12 and 4.13 illustrates the results of these experiments.  

4.4.1 Observation 

1. Since PAMS is waterborne and Epoxy is solvent based, they don’t form a uniform 

mixture and Both PAMS and epoxy resin are very dense and viscous which makes 

mixing difficult.  

2. They were immiscible even after dilution by adding MEK. 

3. Both PAMS sol. and epoxy resin were clear and colourless before mixing but their 

mixture were milky. 

4. The final films obtained from PAMS and epoxy resin were smooth but the films of 

their mixtures, after drying, were little rough. 

5. Contact angle of pure epoxy were around 85° which mean epoxy is hydrophobic and 

by the addition of PAMS, yet the angles remained very high. 

6. After washing, film remained and there was no effect on contact angles and they 

remained same as they were before washing. 
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7. FTIR shows that the composition of Epoxy remains almost the same even after the 

addition of PAMS in it. 

4.4.2 Hypothesis 

PAMS is waterborne and upon dispersion in epoxy it gave milky colour to the mixture and 

after drying the film became rough. Probably, it happened due to the presence of very small 

dispersed water droplets from PAMS which gave that milky colour in mixture and they got 

evaporated from the surface, upon drying, leaving a rough film surface.  

The molecular weight of PAMS is very high i.e. 2,000,000 and because of this, probably, 

PAMS was settled down in the film before it got dry completely. Since it was settled down so 

it couldn’t effect the water contact angle of film and that is why we had very high contact 

angles similar to the contact angles obtained from pure epoxy film. 

4.4.3 Conclusions 

No doubt that epoxy resins are one of the best solution as anti-corrosive coatings and also, we 

observed from these experimentations that epoxy was very stable so this solved stability issue 

but we lost hydrophilicity in this approach. We cannot use this approach as a solution of our 

objective so we had to find another way, a completely different approach which involve 

different materials or we had to go deep into this approach in order to improve the 

hydrophilicity of epoxy based coatings.  

4.5 PAMS and Epoxy-Resin in two separate layers 

From the previous results we had seen that epoxy is very stable and anti-corrosive on 

Aluminium substrate about is hydrophobic while PAMS and PA-Beckers giver a hydrophilic 

film which is not stable. What we want is, stability and anti-corrosive behaviour of Epoxy 

and Hydrophilic behaviour of PAMS or PA-Beckers. So, we need to move to next step which 

actually is discussed in many place in literature. We tried to use epoxy as undercoat and 

PAMS as an top coat so that we could get stable and anti-corrosive base and hydrophilic 

surface. Figure 4.13 shows the contact angles of both PAMS and Epoxy (A+B) separately 

and also contact angle of 2-layered coating of PAMS over fully cured Epoxy. 
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Figure 4.14: contact angles of Pure PAMS and Epoxy (A+B) separately and together as 2-

layer film. 

PAMS shows hydrophilic behaviour and its initial contact are around 25 which fall to 10 

within 30 seconds which is acceptable while Epoxy shows hydrophobic behaviour and initial 

contact angle of 83 which doesn’t fall below 75 even after several minutes so two different 

behaviour from these materials. In third case where PAMS was applied over under coat of 

epoxy, epoxy was applied on pre-cleaned substrate and dried at 180°C for more than a 

minute, i.e. enough for curing epoxy, then it was allowed to cool until it reached room 

temperature and then film of PAMS sol. was applied on epoxy coat. But top coat was not 

stable on fully cured epoxy. Epoxy coat showed strong hydrophobicity and surface tension of 

PAMS solution did not allow PAMS to form a film. So, PAMS solution could not stayed as 

film and there became small droplets of PAMS over thermally cured film of epoxy resin.  

After drying the sample contact angle were measured which were very high like epoxy resin 

and results were the same after washing the sample. So, we had to change our approach for 

this two-layer combination. Other option for this combination was to apply the top coat of 

PAMS solution before complete curing of under coat epoxy (A+B). For that, under coat and 

top coats were cured at 180°C for different drying times. The reason for this approach was to 

try to get interaction between partially cured surface of epoxy and PAMS top coat. Table 4.3 

shows some of the results of those experimentations. 
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Table 4.3:   Thermal treatments and contact angles of different two-layer films. 

Sample Thermal Treatment of 

Epoxy 

(Under coat) 

Thermal Treatment 

of PAMS 

(Top coat) 

Contact Angle 

5(sec) 10(sec) 20(sec) 

1 10 seconds at 180°C 10 seconds at 180°C 74 72.6 70.3 

2 10 seconds at 180°C 20 seconds at 180°C 74.7 73.3 53.4 

3 10 seconds at 180°C 30 seconds at 180°C 69.2 59.8 56.1 

4 10 seconds at 180°C 40 seconds at 180°C 70 56.1 50.9 

5 20 seconds at 180°C 10 seconds at 180°C 49.3 31.5 19.1 

6 20 seconds at 180°C 20 seconds at 180°C 55.8 39.1 23.4 

7 20 seconds at 180°C 30 seconds at 180°C 55.2 37.7 27.7 

8 20 seconds at 180°C 40 seconds at 180°C 68.5 45.1 30 

9 30 seconds at 180°C 10 seconds at 180°C 76.8 57.2 42.3 

10 30 seconds at 180°C 20 seconds at 180°C 71.3 39.9 32.2 

11 30 seconds at 180°C 30 seconds at 180°C 73.8 35.6 26.4 

12 30 seconds at 180°C 40 seconds at 180°C 73.2 39.8 29.7 

13 40 seconds at 180°C 10 seconds at 180°C 64.4 42.6 30.8 

14 40 seconds at 180°C 20 seconds at 180°C 58.9 35.5 22.5 

15 40 seconds at 180°C 30 seconds at 180°C 68.7 39.9 31.1 

16 40 seconds at 180°C 40 seconds at 180°C 58.6 38 24.7 

 

Some of the results were good enough to proceed to the further steps e.g. the results obtained 

from second set and forth set of thermal treatment when Epoxy was partially cured for 20 

seconds and for 40 seconds. Third set of thermal treatment gave better result as compared to 

pure epoxy but in these experiment there were huge errors in contact angle measurement so 

only second and forth were considered for further procedures.  
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Figure 4.15: (a) contact angle variation before and after washing two-layer film samples. 

 

Figure 4.15:(b) contact angle variation before and after washing two-layer film samples. 

Sample no. 5 to 8 and 13 to 16 were obtained again and after washing under running water, 

they were dried, again, at 180°C for 10 to 15 seconds to make sure that there is no more water 

on their surfaces and later their contact angles were measured again. 
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Figure 4.16: FTIR of sample 5 to 8 in comparison with films of Pure PAMS sol. and Epoxy. 

From these results in figure 4.14a and 4.14b one thing is quite evident i.e. after wash contact 

angle are increasing in all the cases. Which were needed to be explained and we had to check 

about the changes on surface after washing the sample which could be ensured by FTIR 

analysis of the film. 

4.5.1 Observations 

1. Film of PAMS solution doesn’t stays as a film above fully cured Epoxy film. 

2. The contact angle which were obtained from the experimentations of fully cured 

epoxy under coat and PAMS as top coat were very high like the contact angles of pure 

epoxy(A+B) coated Aluminium substrate. 

3. PAMS solution, when applied on partially cured under coat of Epoxy (A+B), gives 

milky colour which disappears after thermal treatment. 

4. FTIR analysis shows that before washing sample showed spectra which were similar 

to the spectra of pure PAMS solution film.  

5. While after washing these samples, the spectra obtained were like the spectra of 

Epoxy (A+B). But small changes in peaks were seen if the spectra of these sample is 

Epoxy (A+B) 

Sample 8 A.W 

Sample 7 A.W 

Sample 6 A.W 

Sample 5 A.W 

Sample 8 

 

Sample 7 

Sample 6 

Sample 5 

PAMS sol. 
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compared to the pure epoxy(A+B) e.g. around 1650 cm
-1

 a new peak appeared which 

is not present in spectra of pure Epoxy(A+B) but it is present in spectra of PAMS 

solution. 

6. Films obtained we very stable and coating remains on substrate even after keeping 

under running water for unlimited time.  

7. Contact angles obtained from all these experiments were lower and better than then 

contact angles obtained from pure epoxy(A+B). But on washing contact angles were 

increased and most of the top layer was washed away. 

 

Figure 4.17: FTIR of sample 13 to 16 in comparison with films of Pure PAMS sol. and 

Epoxy. 

4.5.2 Hypothesis 

The contact angle of PAMS solution as top coat on fully cured epoxy(A+B) under coat were 

very high because PAMS film didn’t stay on fully cured Epoxy (A+B). Probably, PAMS 

solution was unable to penetrate inside Fully cured epoxy. While, in case of semi-cured 

epoxy(A+B) under coat we observe lower angles, we assumed that in that case PAMS 

molecules somehow managed to penetrate inside epoxy layer or they reacted with epoxy but 

with very small extant. that is why we observed milky colour when PAMS film was applied 

on partially cured epoxy(A+B). Also, this is evident from the spectra obtained from the 

Epoxy(A+B) and 

Sample 5-8 after 

wash 

 

 
 

PAMS sol. and Sample 5 

to 8 before wash 
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sample after washing where we observed some peaks which were not belongs to epoxy but to 

PAMS solution. 

4.5.3 Conclusions 

The results obtained in terms of stability and corrosive were promising. The contact angles 

were better in some cases but not up to the mark since we want to achieve super-

hydrophilicity. It is useless to apply PAMS film on fully cured epoxy coat but on semi-cured 

epoxy this approach works and contact angles of epoxy can be reduced but not lower to the 

level of super hydrophilic level. 

4.6 PAMPS and PU-Resin in Bulk 

If the chemical reason for the increase of surface energy is taken into consideration, then one 

of the most cited polymer in the literature is Polyurethane (PU). It has -NH-, =C=O and -O- 

polar functional groups. If these groups are free on the surface, then these groups increase the 

energy which means their affinity for the polar solvents, like water, is increased. We have 

already discussed in previous chapters that we’ve used two types of PU named Kramorex and 

the PU developed by Beckers. 

 

Figure 4.18:  Comparison spectra of  two PU polymers used in experiments. 

The FTIR of the two PU is compared in Fig. 33. The Kramorex resin is a pure pre-polymer as 

iso-cyanate group absorption at 2230 cm-1 appear, also if at low intensity, and =NH groups 
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as well at 3400 cm-1. The PU-Beckers seems to be formulated and its FTIR spectra don’t 

show free–OH and =NH groups. 

Contact angles of PAMS, PU-Kramorex and PU-Beckers were also taken before mixing 

them. It can be seen in the graph shown in figure 34 that for both PU-resins WCA were very 

high i.e. above 80 and for PAMS it WCA are very small.   

 

Figure 4.19: Pure Polymers contact angles (WCA). 

For this combination PU-Resins and PAMS were mixed in different percentages and those 

samples were applied on Aluminium substrate. Then FTIR analysis and WCA analysis were 

done. The application method was, same as previous experimentations, by using application 

rod of 2 µm thickness.  

Table 4.4: PU-Kramorex and PAMS mixture thermal treatment and Contact angles. 

Sr. PAMS PU-Kramorex (75% in solvent) Thermal treatment WCA 

1 0.2 gram 9.8 gram 10 seconds at 235
o
C 84.1 

2 0.5 gram 9.5 gram 10 seconds at 235
o
C 84.0 

3 0.7 gram 9.3 gram 10 seconds at 235
o
C 84.4 

The quantities, thermal treatments and contact angles for these mixtures of PU-Kramorex and 

PAMS are mentioned in the table 4.4. 



77 
 

FTIR of these samples were also taken which can be seen in following figure 35. Which 

doesn’t show any significant difference in peaks as compared to the pure PU-Kramorex. 

 

Figure 4.20:  FT-IR analysis of PU-Kramorex and different percentages of PAMPS in it. 

Same kind of approach was also applied for the mixing of PAMS in PU-Beckers but the 

results were quite similar in both cases. Also, PU-Kramorex and PU-Beckers were tried to 

disperse in Water by using MEK as solvent and T588 as dispersing agent. 

4.6.1 Observations 

1. During sample preparation, it was observed that PAMS was immiscible and its 

dispersion was not uniform. 

2. Proper dispersion of PAMS couldn’t obtained in both the cases i.e. PU-Beckers and 

PU-Kramorex, and in both cases PU settled down without getting dispersed. 

Dispersing agent and solvents were used yet uniform dispersion were not observed. 

3. PU-Kramorex remains uncured after thermal treatments.  

4. FTIR analysis shows the same composition of the films of PAMS mixture in PU as 

compared to PU-Resin. 

5. WCA analysis shows WCA of water drop over these mixture sample which were 

around 84
o
 which same as the WCA over pure PU-Kramorex. 
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4.6.2 Hypothesis 

Since PAMPS is waterborne and PU is solvent based resins, so we can assume that it was not 

possible to mix them properly. FT-IT and WCA analysis of pure PU and PU with some 

percentages of PAMS showed the similar results showed the dominance of PU. It is probable 

that PAMS in mixtures, due to its very high molecular weight i.e. 2,000,000, settles down in 

the film and couldn’t affect the WCA of PU-Resin and WCA remained same. PU-Kramorex 

was unable to cured even after several minutes of thermal treatments, probably, because it is 

a pre-polymer and it needs some kind of catalyser to be cross-linked and cured.  

4.6.3 Conclusions 

WCA obtained in these experiments were very high around 84 which were unacceptable for a 

hydrophilic coating research. PU-Resins were unable to be cured fully for required thermal 

treatments i.e. for 10 seconds at 235
o
C. after these experiment observations and results, it can 

be concluded that this approach can’t be used for getting a hydrophilic coating. So, different 

approaches or materials were needed to achieve the objective. 

4.7 PA-Resins and PU-Resins in two separate layers  

Both type of PU-Resins were used in this set of experimentations and the results of some 

mixtures of PU and Polyacrylic acid (PA) have been reported here. One thing had to be kept 

in mind that, probably, the PA provided us by Beckers for these experiments was of different 

properties than the other PA which we used for other experiments. This was, probably, an old 

formulation of PA-Resin by Beckers and until now we had dealt with the latest formulation 

of PA-Beckers. The data and results reported here are , with respect to the experimentations 

done with  respect to both i.e. old PA-Beckers and also new PA-Beckers in PU. However, we 

consider that the polymer must have the same chemical properties. The difference was clear 

by the FT-IR analysis and WCA analysis.  

Approach # 1 

First, some of the results from old formulation of AP-Beckers are reported when both types 

of PU were added in small percentages in PA-Beckers(old). PU-Kramorex and PU-Beckers 

were tried to disperse in waterborne PA-Beckers under some elevated temperatures in order 

to get emulsions and, later, applied on substrate. Thermal treatment for all these samples were 

for 10 seconds at 235
o
C and once they were dried, the FT-IR and WCA analysis were done 
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before and after washing of these samples. Some of the results are reported in figures 4.21 to 

figure 4.24. 

 

Figure 4.21: WCA of PA and PU resin (1). (W = washed, WCA=Water Contact Angle). 

 

Figure 4.22:  WCA of PA and PU resin (2). (W = washed, WCA=Water Contact Angle). 
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Figure 4.23: WCA of PA and PU resin (3). (W = washed, WCA=Water Contact Angle). 

 

Figure 4.24:  WCA of PA and PU resin (4). (W = washed, WCA=Water Contact Angle). 

The water contact angle obtained were already high, in the figures, from 40 to 45 for pure PA 

and by addition of PU WCA became even higher than before. Each graph reported here 
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shows the PU percentages in PA-Beckers. Both polyurethanes Kramorex and Beckers have 

been investigated. The curve designated as “pure” refer to the PA-Resin alone. 

Approach # 2 

In this approach, the formulation of coating was changed and, also, PA-Resin. New 

formulation of PA-Resin by Beckers were used in later experimentations. In these 

formulation, PU were used in high percentages as compared to the previous approach. 

Dispersing agents and solvents were also used in this set of experimentation to help dilution 

process. Preparation of these coatings involved higher temperatures which were provided by 

silicon oil batch over hot plate and magnetic stirrer i.e. the apparatus shown in figure 3.2 . 

Formulation # 1 

Table 4.5 shows the exact quantities of materials used in first run. 

Table 4.5: Quantities of materials used for PA and PU mixture (a). 

Materials  Sample A 

(Grams) 

Sample B 

(Grams) 

Water 94.25 94.25 

T588 2.75 2.75 

MEK 5 5 

PU-Kramorex - 7.5 

PU-Beckers 4 - 

PA-Resin 3 3 

Solvent 6 2.5 

Total 115 115 

 

For the preparation of these samples, two parallel apparatus were set up. Same times for 

stirring and heating were given. First of all, 5 grams of T588 was added in round bottom flask 
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filled with 85 grams of water and stared heating and stirring. Then 5 grams of MEK was 

added and stirred for 30 minutes. 95
o
C temperature was maintained and then 10 grams of PA-

resin was added and stirred for 15 mins. at 95
o
C. Finally, we added 10 grams of PU and 

stirred it for 90 minutes. Then cooled down the mixture and applied on substrate. 

Since, PA-resin is 30% solution in water so we count 3 grams of PA-resin and remaining 7 

grams is counted in total water. Similarly, 588 is also 55% solution in water so we counted 

2.75 grams of T588 and remaining is water. PU-Kramorex is 75% in solvent and PU-Beckers 

is 40% in solvent so we counted 7.5 grams and 4 grams, respectively, as PU and remaining 

amount as solvents. The results of water contact angles are presented, here, in figure 4.25. 

 

Figure 4.25:  Water contact angle over time for Pure PA and mixture samples (a) . 

Formulation # 2 

Similar procedure of sample preparation, was adapted for these samples, at 95
o
C. Main 

difference between these samples and the previous two is of dispersing agent and application 

method. In this case Sodium Dodecyl Sulphate, 1% of PA-resin, was used as dispersing 

agent. Samples were applied on substrate with cooling them down and then cured 

immediately in oven at 235
o
C for 10 seconds. It had to be make sure that temperature remains 

high while sample was taken out and applied on substrate because if it cooled down PU 

within the sample would be settled down and we wouldn’t get a uniform dispersion of PU in 

applied film. . The results of water contact angles are presented, here, in figure 4.26. 
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Figure 4.26:  Water contact angle over time for mixture samples before and after wash. 

Table 4.6: Quantities of materials used for PA and PU mixture (B). 

Materials Sample C 

(Grams) 

Sample D 

(Grams) 

Sample E 

(Grams) 

Water 99 99 106 

Sodium Dodecyl Sulphate 0.10 0.10 0.10 

MEK 10 10 10 

PU-Kramorex 10 - 10 

PU-Beckers - 10 - 

PA-Resin 6 6 9 

Solvent 3.33 15 3.33 

Total 128.43 140.10 138.43 
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Table 4.6 contains the formulation quantities for the second run of experimentations while the 

water contact angles can be seen in Figure 4.26 FTIR of Pure PA-Beckers in comparison with 

the mixture are presented in figure 4.27. 

 

Figure 4.27: FT-IR analysis of pure PA-resin in comparison to sample C, D and E. 

4.7.1 Observations 

Approach # 1  

1. The effect of the Kramorex resin is negative, the angle increase respect to the pure 

acrylic and the difference between the drop before and after washing remain quite 

high, also increasing the more polyurethane we add. This could be explained 

remembering the IR analysis, the Kramorex resin show the presence of a large peak 

that could indicate, probably, water and the presence of some group like N=O which 

can be slightly polar and hygroscopic.  

2. As we can see adding more PU Beckers the difference between the drop before and 

after washing decrease having almost a superimposition of the two curves (it must be 

kept in mind that, even if a lot of measurements for each sample are performed, there 

is always an error in the measure) at 5 % by weight of PU Beckers. 
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Approach # 2 

3. In sample A and B, a uniform dispersion was not obtained and while cooling down 

PU settled down in both case, i.e. PU-Beckers and PU-Kramorex, even if the film was 

applied on at higher temperatures from well-stirred mixture. 

4. For sample C, D and E, the dispersing agent was changed and in that case better result 

were obtained in terms of PU dispersion.  

5. Although most of the PU settled down upon cooling sample but very little amount of 

PU-Kramorex remained dispersed in solution with PA. 

6. FTIR analysis shows that there were very small changes in peaks of PA-Resin 

solution for sample C and E which contains PU-Kramorex. The WCA analysis 

showed better results and very lower angles like the case of Pure PA.  

7. FTIR analysis of sample D, which contained PU-Beckers, gives either the peaks of 

PA or PU-Beckers without any kind of significant changes and contact angles were 

also very high.  

4.7.2 Hypothesis 

The PU polymer is known to react with water giving secondary products. PA is in aqueous 

formulation. Therefore, the managing of PU towards a right polymerisation or position in the 

film is difficult. In case of PU-Beckers the dispersion in solution was not possible for our 

experimentation and contact angles didn’t change. PU-Kramorex, which is a pre-polymer, 

have some dispersion in aqueous solution of PA-resin in the presence of dispersing agent and 

We can assume that this dispersion is due to the fact that PU-Kramorex is not polymerized 

completely and it undergoes some chemical and physical changes while mixing at higher 

temperatures in the presence of a good dispersing agent. 

4.7.3 Conclusion 

We need a deep knowledge of the formulations before concluding final results. We have to 

understand the chemical interactions between the two polymers. New formulation of PA by 

Beckers gave very good results in terms of contact angles but this old formulation gave very 

high contact angles which were increased even higher after the addition of PU-resins. So, it is 

better to used latest sample provided by Beckers.  

The formulations where PU-Kramorex was used gave better results and final samples i.e. 

sample C and sample E gave very good results in terms of contact angle which fulfils our 



86 
 

objective but still they were some errors found. Most of the PU-Kramorex in these mixtures 

remained un-dispersed and when stirring stopped there was settling of PU in the bottom of 

flask. Also heating is important because at normal temperature there was mixing even if there 

was proper stirring all the time. Both of these factors were important. So, sample of liquid 

mixture were taken during stirring and heating and applied and dried in oven, immediately, to 

avoid any kind of settling. That is how some of the good results were obtained. Contact 

angles were around 20
o
 which were stable even after washing.  
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Chapter # 5 

CONCLUSIONS 

Chemical or physical methods can build a hydrophilic surface. In this thesis, we have 

presented the results of seven (7) different approaches which we used for polymers of 

different natures and we tried to achieve our objectives by using them as pure and also by 

mixing them. Although we have already presented the conclusions along with every approach 

but here we have some of the general and very important conclusions. 

As first conclusion, we can say that a hydrophilic behavior of a coating, is not a difficult 

property to get. This statement is, also, supported by the evolution of the WCA in the time. In 

our opinion is necessary to change our point of view, and registering the WCA after 30s or 

after a longer time, instead to consider the WCA only after 10-15s as usually done. By this 

procedure, it is possible to include many polymers in the rank of possible candidates for a 

hydrophilic surface. Moreover, if we consider the life of a fin, it is long. The statement of 10-

15 s is relevant only for scientific speculation.  

We indeed observed a decrease of the WCA dependent on the time from the sessile drop 

deposition and, in many surfaces, the WCA remain constant after a time.  

As second point, we have organized our research work starting from the exam of a strongly 

polar resin like PAMS. On the market it exists only a high molecular weight resin. The 

alternative would have been to buy the monomer and polymerize by ourselves. We preferred 

to evitate the long work to optimize the polymerization.  

Going to the results discussed above, in this report, without any doubt, the epoxy polymer 

appears the most promising polymer to get stability against leaching (washing) of the polar 

polymer. This polar chain is by its nature, very soluble in water (the high molecular weight 

probably less) and it is drained off easily. However, if it is trapped into a not-water-soluble 

network, it could maintain its properties by long time. The networking polymerization of the 

epoxy pre-polymer or epoxy chains with PAMS present could be resolve our aim.  

Moreover, the epoxy is anticorrosive. The effort is to mix the two polymer, or other polymers 

of the same kind, homogeneously.  

Following this direction, however, many aspects have to be cleared, both at microscopic 

level, and macroscopic level to completely satisfy the request of a new, patentable, 

hydrophilic formulations.  
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For the microscopic level, that is fundamental for the design of a hydrophilic coating, more 

analysis, both chemical and instrumental have to be done.  

For the macroscopic level, more tests changing the chemical and chemical-physic 

characteristics of the raw materials are necessary.  

During our tests, we suffer in reason of the raw materials are in not completely known 

formulation. This type of investigation need to start from pure materials. This was a strong 

drawback for the understanding of our results.  

PA give interesting results, but unfortunately the film, after washing, become less hydrophilic 

and we do not know its behavior at long time. The networking of PA seems not sufficient to 

trap PAMS and, more, something changes at chemical level shifting to hydrophobic the 

previous hydrophilic surface. 

PU appears very complex to manage also if its polar groups are suitable for a higher surface 

energy.  

By changing the approach of application methods better results can be obtained e.g. 

application of top-coat (2
nd

 film) over a semi-cured under-coat(1
st
 film) by rod was not 

suitable because, certainly, it damaged the 1
st
 layer since it was still wet so changing the 

application methods e.g. by using spray application the result could have been more clear but 

in that case we won’t be sure to have a uniform film of lower thickness than 2 micron. The 

research will continue on specific issues in order to reach publishing results. 
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