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Abstract 

The automobile paint industry normally consumes petro-based feedstock as the raw 

material, which is non-renewable and emits a higher amount of volatile organic 

compound (VOC), that pollutes the environment. This study focuses on the use of eco-

friendly castor oil (CO) as a substitute for petro-based feedstocks; while synthesizing 

polyurethane (PU)-based automobile coats.  The novelty and objective of this work is 

paints derived from bio-based CO as a substitute for petro-based feedstocks.CO is a 

nonedible oil, hence it does not affect the food chain. Paints derived are with fewer 

VOCs, thus having a less detrimental effect on the environment and is cost-effective. 

Modified castor oil (CO) based polyurethane (PU)/nano-silica (NS)/titanium pigment 

(TP) hybrid coating with an organic-inorganic covalent bond was synthesized by the 

in-situ polymerization method.  Aminopropyl tri-ethoxy silane (APTES) modified NS 

particles along with TP were added to the PU matrix at various wt. %. Thermal, 

mechanical, and chemical resistance properties of the coating samples were 

significantly enhanced with the addition of NS and TP. Char residue, Glass transition 

temperature, pencil hardness, Young’s modulus, water contact angle (WCA), cross-

sectional density, cross-cut tape adhesion %, abrasion % increased from 0.29%, -

24.5ºC, 2H, 251MPa, 77.61º, 0.16mol/m3, 65±5%, 0.040% to 1.26%, 1.94ºC, 3H, 

1199MPa, 88.89º, 2.4mol/m3, 93±2% and 0.016% with addition of modified NS 

particles along with TP particles. Paint formulation with 0.5 wt% NS and 0.2 wt% TP 

was optimized to be applicable as an automobile base coat and its characteristic 

properties can be comparable with a commercial base coat (BC). 

An acrylate-PU/NS hybrid coating was developed, which was derived from CO-based 

polyol. CO was modified by employing a process that includes epoxidation, followed 

by transesterification, and acrylation to synthesize the required polyols, which is used 

for acrylate-PU paint synthesis via the in-situ polymerization process. Triallyl 

isocyanurate (TI) modified NS particles were incorporated with the paint matrix by the 

ultrasonication method to enhance the paint properties. Experimental findings 

revealed that with the incorporation of NS particles, char residue, Young’s modulus, 

abrasion resistance, and cross-cut adhesion % increased by 71.31%, 42%, 0.28%, 

and 5% respectively. Also, glass transition temperature, pencil hardness, 
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nanoindentation depth, water contact angle (WCA), and cross-linking density were 

increased from -12.16 ºC, 2H, 3300 nm, 81.71 º, and 0.90 mol/m3 to 1.65 ºC, 3H, 2000 

nm, 92.26 º, and 1.78 mol/m3 respectively. The UV-visibility spectra, haze, 

transmittance, and gloss parameter showed the enhanced optical properties of the 

paint samples. PU/NS composite coating developed showed equivalent properties as 

that of the commercial clear coat. 

Epoxy/PU composite applicable as automobile sealer was synthesized by the 

ultrasonication mixing process. TI-modified NS particles were incorporated into the 

blend to enhance the characteristic properties. Structural properties of the composite 

were studied using FTIR spectra.  Char residue %, glass transition temperature, cross-

linking density, and WCA were observed to increase from 3.10%, 50.60 °C, 0.98 

mol/m3, and 85.63 ° to 4.55%, 73.76 °C, 3.75 mol/m3, and 91.45 ° respectively after 

incorporation of NS. The impact strength, tensile strength, and fracture toughness of 

the blend were studied to increase after NS reinforcement. The epoxy-PU/NS 

nanocomposite developed fulfilled the parameters of automobile sealer. 
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Chapter 1 

1.1 Introduction 

The automotive paint industry has 100 years of history. In the early stage of the 

automobile paint industry, varnish-type products were used to paint the automobile 

body with the help of paint brushes. Those varnish-based paints were applied in two 

layers. The first layer was sanded and smoothed, and after that the second layer was 

applied and polished to make the substrate body shine[1]. Between 1920 to 1940, the 

use of spray technology was developed in the automotive paint industry. That 

development in technology decreased the drying time and resulted in a more even 

surface finish, which led to less sanding requirement[2]. In 1923 DuPont et al. 

developed a lacquer, which gave the concept of colour. But those lacquer paint had 

certain drawbacks such as; the requirement of 3 to 4 layers of the coating and less 

chemical and acidic environment resistance properties. In the early 1930, there was a 

tremendous development in the paint industry with the introduction of alkyd enamel 

paints in some car models which had significant surface properties[3]. In the early 

stage of the paint industry, coating steps were executed manually which needed 

weeks to complete. T. Sagar et al. stated that to overcome these disadvantages there 

were several types of research on the development of automotive paint having specific 

properties like reduced drying time, more corrosion resistance, the longevity of colour, 

and better environmental compatibility[4, 5]. In general, there are 3 basic layers in the 

coating system i.e., primer, base coat, and clear coat. Primer is the first coat, which 

responsible for the adhesion and base leveling of the automobile paint followed by the 

base coat, which gives the automobile body colour and topmost layer is clear coat, 

which is a transparent protective coat, that gives gloss to the paint[6]. Automobile paint 

gives a significant colour to the automobile body, as well as acts as a protective layer. 

It has an approximant thickness 100 μm. Fig.1.1.a shows different layers of automobile 

paints. 
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Fig 1.1.a: Different layers of Automobile Paint 

D. Lopes et al. stated that in the early stages of paint industry lead, chromium, and 

other heavy metals were used in paint preparation. But in a later stage, the 

environmental law prohibited the use of these materials, as around 85% of these 

paints evaporated into the environment, which makes severe environmental 

pollutions. This problem led the researcher for the development of water-based and 

solvent-based paints[7]. Y. G. June et al. stated that the automobile paint acts as a 

protective coating that increases the durability of the automobile body and it also 

protects the automobile body from harsh weather exposure, UV degradation, and 

mechanical damage that can result in scratches and abrasion. The scratches and 

abrasion are also formed by many external impacts like sun, rain, UV exposure, snow, 

dirt as well as road salt, etc. Another reason for the formation of tiny scratches is an 

improper car wash, which is caused by brushes and multiplies over time and 

decreases the paint properties[8]. According to N. Coinvestigator et al. automobile 

paint has a very large role in the protection of the automobile body from mechanical 

wear and climatic impacts[9]. C. Seubert et al. stated that most of the automobile 

paints are made up of organic polymers[10]. With the incorporation of a small number 

of inorganic nanoparticles into the organic polymer matrix, makes the paint flexible, 

elastic, and weather-resistive. M. A. Ala et al. stated that these inorganic 

nanomaterials normally have excellent mechanical, chemical, thermal, and optical 

properties, which disperse in the matrix homogeneously. The organic and inorganic 

components are covalent, which helps them to bond very well with each other[11]. 

CLEAR COAT

BASE COAT

PRIMER

ED-SANDED 
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Alkyds, acrylics, epoxy and polyurethane (PU) are in general used as paint matrix in 

automobile paint industry. M. A. Alaa et al. stated that PU is the most commonly used 

organic paint matrix, due to its specific properties like; high tensile strength, tear and 

abrasion resistance, solvent resistance, and highly versatile chemical structure[11]. 

PU is synthesized by polymerizing polyols with isocyanates, which creates a urethane 

linkage. In General, petro-based feedstocks like; polypropylene glycol is used as 

polyol during PU synthesis. But it has a high cost and affects the non-renewable 

source of materials. To overcome this, in recent research works polyols derived from 

different vegetable oils like, castor oil (CO), soybean oil, linseed oils, etc. are used in 

PU synthesis. S. Das et al. stated that CO is the most abundantly available vegetable 

oil in India. It has a high hydroxyl value for which it is used in several chemical 

industries, especially in the production of PU[12]. G. Acik et al. stated that bio-based 

materials have a great requirement to achieve environmental sustainability. The bio-

based materials normally used are starch, cellulose, vegetable oils, sugar, and wood. 

Among them, the vegetable oils, consisting of triglycerides and ricinoleic acid are most 

suitable for several polymer synthesis like; alkyds, polyamides, and PU[13]. To 

synthesize polymers of high molecular weight the vegetable oils need to be modified 

to increase the reactivity. The modification process normally followed is epoxidation, 

transesterification, acrylation, etc.[13].  

Gradual depletion of petro-based resources and sharp fluctuations in oil prices has led 

to increased environmental awareness in finding renewable resources based feed-

stock[14]. R. Shen et al. stated that, currently, most of the raw materials i.e., polyols 

and isocyanates are extracted from petroleum-based feedstocks, which are non-

renewable. Replacing them with renewable alternatives like lignin, cellulose, and 

vegetable oils that have a low environmental impact has become the new research 

trend[15]. J. Zhang et al. have reported that among all the renewable resources 

vegetable oils are most frequently employed to prepare polymeric materials for their 

structural advantages as well as their ease of availability, low price, and potential 

degradability. Additionally, due to the hydrophobicity of plant oils, the resultant 

polymeric materials becomes hydrophobic[16]. Hence, vegetable oil based Polyols 

can be implemented to reduce the use of petroleum-based feedstock thereby 

protecting the environment[17]. These are primarily composed of triglycerides having 
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90%  unsaturated fatty acids, resulting in higher functionality and polymerization, 

which leads to its application in  chemical industries  as polyols[18]. The inherent 

biodegradability of these oils also provides a significant characteristics in the growing 

environmental concerns[19]. Depending on the application, the renewable content of 

commercially available bio-based polyols varies between 30-100%[20]. Metallic 

corrosion on automobile body occurs due to harsh and substandard environment leads 

to crack on material surfaces, which creates safety hazards[21]. A number of methods 

have been reported to prevent the extent of corrosion such as, electro deposition, 

electroless plating, gas phase deposition and organic coatings etc. Among the 

aforementioned methods, organic polymer based anti-corrosion coating derived from 

vegetable oil is an effective and economical way to prevent corrosion[22]. 

CO is one of the most preferred vegetable oil in the chemical industry because of its 

low toxicity and presence of hydroxyl-containing fatty acids which creates many 

feasible reactions[23]. Polyurethane (PU)-based organic coating has been the most 

abundantly used due to its wide range of applications ranging from coatings, footwear 

materials, and sealants as well as its  chemical stability, mechanical strength and good 

wear resistance[15]. R. Liu et al. stated that in recent decades, CO has been widely 

used in the synthesis of PU elastomers and waterborne PU (WPU) dispersions. 

Generally, the characteristics of PU depends on the structure and ratio of the soft 

segment and the hard segment. Due to the unique triglyceride structure, the PU 

network with CO as the soft segment usually has a higher crosslink density, excellent 

mechanical properties, and chemical resistance. The hard segment is a rigid structure 

cross-linked by PU. Tightly packed hard segment produce better mechanical 

properties but poor chain mobility for PU network, while loosely packed hard segment 

produce the opposite effect[14]. Bio-based PU coatings possess low VOC emission, 

high curing efficiency, low energy consumption, etc[16]. 

A. Das, P. Mahanwar et al. stated that PU is used in most industries for its simple 

production process and excellent properties[24]. In a recent study, it is found that PU 

has a maximum market share in the polymer industry and is mostly applicable in 

coatings, adhesives, sealants, and elastomers. Fig. 1.1.b attributes various 

applications of PU. The main advantage of PU has been its durability, toughness, and 
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excellent chemical resistance, which led it to be the replacement for many metals, 

plastics, and rubber-based engineering as well as commodity application[24].  

 

 

 

 

 

 

 

 

 

Fig 1.1.b: Different Applications of Polyurethane 

According to G. Acik et al. PU has been receiving increasing attention recently in 

diverse applications including automotive paint, building insulation, furniture and 

bedding, refrigerators and freezers, footwear, coatings, adhesives, and so on[25]. PU 

is the sixth most used commercial polymer and is synthesized by the polymerization 

of polyols containing –OH groups with diisocyanate containing –NCO group, which 

polymerize to synthesize urethane (-NHCOO) linkage. H. F. Karabutul et al.. stated 

that reinforcement of nanoparticles into PU matrix increases its mechanical durability 

which helps to improve the scratch and mar resistance properties[26]. Ching et al. 

stated that due to the very high length to diameter ratio of the nanoparticles, these are 

used to increase the mechanical properties of coating, which helps both the coating 

film and substrate to become resistant to marring, cracking, wear, scratch and mild 

abrasions[27]. Ching et al.. have reported that among the nanoparticle additives the 

reinforcement of nano-silica and nano-alumina especially enhances the hardness, 

abrasion resistance, scratch resistance, and the tensile strength of the polymer 
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coating. Blees et al., stated that reinforcement of nano-silica into the PU coating 

increases the water resistance capability as well as thermal stability of the coating. 

From the Fourier Transformation spectroscopy, it is found that there is no chemical 

reaction between nano-silica and PU.  

S. Gaur et al. stated that recently the paint industries are increasing the use of 

nanoparticle additives such as; nano-silver, photo-catalytically active nano titanium 

dioxide, functionalized nano-silica, or functionalized nano alumina, which enhances 

the properties of the paint, such as water resistance, scratch resistance, and 

antimicrobial properties. For PU coating, in most of the cases, nano-silica or nano-

alumina are used as additives to achieve scratch, and abrasion resistance properties. 

Nano-silica and nano-alumina particles generally enhance the mechanical properties 

of coatings. G. Fettis et al.. stated that on the Mohs scale of hardness, silica and 

alumina have hardness 9 and 7 respectively, for which these are mostly used in 

scratch and abrasion resistance improvement of paint and coatings.  In the paint 

industry, nano-silica particles are normally preferred over nano alumina, because 

nano-silica particles never affect the transparency of the coating, as these particles 

possess low refractive index, high modulus, and hardness[19][14] 

1.2 Statement of the problem  

Most paints are manufactured contain a large number of VOCs i.e., lead, mercury, and 

chromium. These elements are very hazardous and can pose a threat to both human 

health and the environment. Under the current policies of environment protection, the 

paint industries are trying to come up with new techniques of paint production to 

minimize the amount of VOC. Also, the content of lead, chromium, and mercury should 

be very less thereby making the paint eco-safe[29]. 

The prices of paints largely depend on the cost of raw materials. There are around 

300 odd raw materials required for the manufacturing of paints, which consumes 

around 50% of the total cost of the paint. Most of the paint companies use petro-based 

feedstock as the main raw material. Hence, any change in the price of crude oil in the 

global market greatly affects the price of paint. The pressure further increased due to 

the recession and thereafter a decreased consumption. Even under the best of 
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circumstances, raw materials represent a near-constant headache for paint and 

coating producers. With the world simmering with tensions and a global trade war 

growing more intense, volatile raw material prices have posed severe challenges for 

the paint and coating industry. The countries like India, which are entirely dependent 

on the imports of crude oil are mostly affected on the account of rising prices and 

uncertainty due to political reasons and recession[30]. 

1.3 Aim 

The study aims to synthesize a bio-based automobile base coat and clear coat from 

modified CO incorporated with NS particles, with better scratch and abrasion 

resistance properties. It also aims to synthesize epoxy-PU/silica nano composite 

applicable as automobile sealer. 

1.4 Objectives  

• Single-step modification of Castor oil by epoxidation process 

• Surface modification of nano-silica particles by using Aminopropyl-

triethoxysilane 

• Synthesis of polyurethane-based automobile base coat using epoxidized castor 

oil incorporated with nano-silica and titanium-based colour pigments. 

• Three-step modification of castor oil by epoxidation, transesterification followed 

by acrylation process 

• Surface modification of nano-silica particles by triallyl isocyanurate 

• Property comparison of acrylate-polyurethane-based clear coat incorporated 

with both aminopropyl-triethoxysilane modified nano-silica and triallyl 

isocyanurate modified nano-silica. 

• Synthesis of bio-based acrylate-PU automobile clear coat using epoxidized 

transesterified acrylate castor oil incorporated with isocyanate modified nano-

silica. 

• Synthesis of epoxy-PU blend incorporated with nano-silica, which can be used 

as automobile sealer. 
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1.5 Significance of the study 

The primary raw material used to synthesize automobile paint is derived from petro-

based feedstock, which is non-renewable. During the drying process, the paint 

synthesized from petro-based feedstock emits a lot of VOCs, that are toxic, which 

greatly affects the environment. The cost of production is also very high.   

This study is important as the implementation of CO can replace the application of 

petroleum-based products in the automotive paint industry. With the incorporation of 

inorganic NS, paint parameters studied are equivalent to commercial-grade paint. 

The study will be beneficial to relevant automobile paint industries, as it would provide 

information on the synthesis of paint from CO and study various parameters of the 

paint across the globe and its applicability to the global market. 

The study is also significant to academia as it will provide an understanding of the 

differences and doubts in existing literature regarding bio-based automobile paint and 

its effect on the environment and human health.   

1.6 Justification of the study 

Depletion of petro-based feedstocks and its effect on environment and human race is 

one of the most concerned topics in research industries. With development of 

technology, the automobile industry has become a large driving force in current 

economy. The vast expansion of automotive industry requires a large scale of paint 

industry, which leads to gradual depletion of non-renewable petro-based feedstocks. 

To overcome this crisis, researchers are opting to the use of bio-based raw materials 

in the paint industry. 

Vegetable oils like CO, soybean oil, canoballa oil etc. are the most preferred bio-based 

raw materials used in chemical industries. These oils have unsaturated fatty acids and 

around 90% triglycerides, and higher functionality, which make them significantly 

reactive during chemical reactions. CO is the most preferred vegetable oil, because it 

is cheaper in price, most abundantly available and it do not affect the environment. 

Also, it does not affect the food chain, as it is a non-edible oil. Hence, it can be used 
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in paint industry as the main raw material in place of petro-based raw materials. 

Further addition of nano-scale fillers can enhance the characteristic properties of the 

paint. 

The current study implies the use of CO in paint industry to synthesize bio-based 

automobile paint with incorporated NS particles. This leads to prevention of decrease 

in non-renewable petro-based feedstocks and also there is less number of VOCs 

during paint process, which lesser affect the environment. 

1.7 Limitations 

The current study takes a long period of time to synthesize the bio-based automobile 

paint. The small-scale synthesis process is only limited to laboratory due to lack of 

advanced equipments long time consuming process, which lead to facing difficulty in 

replacing the petro-based commercial automobile paint. 

1.8 Delimitations 

The current study depicted the synthesis of bio-based automobile basecoat, clearcoat, 

and sealer synthesized from castor oil, which can help in prevention of gradual 

depletion of petro-based feedstock. Castor oil is a non-edible bio oil, hence the paint 

synthesized have less VOCs and also it does not affect the food chain. 

1.9 Structure of Dissertation 

The study comprises five chapters:  

Chapter 1 - Introduction and Background 

This chapter presented an overview of the study covering aspects such as 

background, statement of problem, aim of the study, objectives of the study, 

justification of the study, Limitations and Delimitations of the study, and the structure 

of the study. 
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Chapter 2 – Review of Literature 

This chapter reviews related literature from journals, periodicals, books, and 

conference proceedings. It highlights the application of naoparticles in paint industry, 

and provides an overview about the scratch and abrasion resistance improvement 

properies of automobile paints by incorporation of various nanoparticles and their 

effect on the characteristic properties of the paint. It also gives a brief idea about the 

various paint components like different colour pigments, different resins, and additives 

as well as it also describes the factors affecting automobile paint. 

Chapter 3 – Research Design and Methodology 

This chapter covers the manufacturer or supplier and all the general characteristics 

along the structure of the materials used. This also covers the methods used for the 

synthesis and characterization of bio-based automobile basecoat, clearcoat, and 

sealer. 

Chapter 4 – Results and Discussion- 1 

Deals with the results and discussions of bio-base automobile basecoat synthesized 

from ECO incorporated with both APTES-NS and TP. CO was modified by epoxidation 

process, which is used as the polyol to synthesize bio-based automobile basecoat. NS 

filler was modified by using APTES and was incorporated into the paint matrix along 

with TP particles at optimized wt. % to obtain the desired bio-based basecoat. 

Chapter 5 – Results and Discussion- 2 

Deals with results and discussions of bio-based automobile clearcoat synthesized 

from ATECO incorporated with TI-NS. ECO was further modified by transesterification 

followed by acrylation process, which is used as the polyol to synthesize bio-based 

automobile clearcoat. NS particles were modified by using TI and were incorporated 

at optimized wt.% into the paint matrix to enhance the characteristic properties.  

Chapter 6 – Results and Discussion- 3 

Deals with results and discussions of bio-based automobile sealers synthesized from 

epoxy resin blended with acrylic-PU. ATECO and epoxy were blended at optimized 
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wt.% ratios to synthesize bio-based automobile sealer. Optimized wt.% of TI-NS was 

incorporated into the sealer matrix to enhance the characteristic properties of the 

nanocomposite. 

Chapter 7 – Conclusions and Future study 

This chapter covers the general conclusion derived from this study, future aspects that 

can be drawn from this study, and the prototype of this study. 
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Chapter 2 

2. Literature Review 

2.1 Different Types of Coatings 

Various types of coatings are described in Fig. 2.1.a. 

 

Fig. 2.1.a: Types of Coatings 

Coatings are mainly divided into three types i.e., industrial coating, architectural 

coating, and special purpose coating. 

2.1.1 Industrial Coating:  

Industrial coatings have primary purpose of protection, while their secondary purpose 

is looks and gloss. This coating has a wide range of application such as, aircraft 

coating, cane coating, coil coating, general industrial coating, high performance 

coating, instrumental coating etc[31]. 
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2.1.2 Architectural Coating:  

This type of coating is used to paint the exterior and interior of buildings. It has 

significant properties like, gloss, durability and protection[32]. 

2.1.3 Special Purpose Coating:  

Special purpose coatings are normally synthesized for specific applications. This type 

of coating has some special properties, which satisfies all the characteristics required 

for the field of application. This coating is in general divided into three types i.e., special 

industrial coatings, marine coatings, and automobile paints[33].  

2.1.3.1 Special Industrial Coatings:  

Special industrial coatings are applied in industrial parts like tanks, bridges etc. The 

substrate used in this type of coating is normally steel and one of the most important 

functions of this coating is to control corrosion. Aircraft coating also comes under 

special industrial coating which is coated mainly with epoxy or amine primers followed 

by urethane top coats[33]. 

2.1.3.2 Marine Coating:  

Marine coatings are the protective coating used mostly in marine environment to 

protect ships, vessels, tankers, and other material from saline atmosphere. Marine 

coatings have specific functional properties, which provides superior long-term 

protection to the substrate. These coatings protect submerged surfaces as well as 

above sea water surfaces. Marine coatings protect materials from corrosion, abrasion 

as well as it prevents fouling[34]. 

2.1.3.3 Automobile Paint:  

Automobile paint are normally used to coat the automobile body parts for both 

protection and gloss purpose. According to T. Sagar et al. automotive spray painting 

is considered as one of the most sophisticated industrial coatings, which is performed 

under controlled atmosphere[5]. The automobile paints have significant properties, 

which can withstand extreme weather conditions. These are divided into five basic 

categories based on the raw materials used and the solvent used such as, (a) Water-
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borne paint (b) Solvent-borne paint (c) Epoxy-based paint (d) Acrylic-based paint (e) 

Urethane-based paint 

2.1.3.3(a) Water-borne paint: In case of waterborne paints, water with other 

co-solvents is used, where water is the primary solvent and the co solvent is up 

to 30 wt.% of the total solvent, which makes it 80% eco-friendly. F. Sbardella et 

al. stated that, waterborne resins include acrylics, epoxies, alkyds, and 

polyurethane. Water-borne paints have specific properties like, low toxicity, low 

VOCs emission, and no flammability. In some cases, the quality of waterborne 

paints is comparable with solvent borne paints[35]. C. Sanchez et al. stated that 

nowadays there is a demand of paint spraying with less VOC. In waterborne 

paints as water is used to dissolve the resin, it leads to an environment friendly 

paint[36].  Due to the reduced VOC emissions, water-borne paint is less prone 

to risk of fires, easy to clean up. But it has the disadvantage of lower mechanical 

properties and less weather resistance. Waterborne paints are divided into the 

following types[37]. 

 Water soluble paint- It gives Complete solubility in water. Resins used are normally 

synthesized by polycondensation or polymerization reactions in organic medium using 

alcohols or ethers as co-solvents and in general are polyalkyds, epoxies or epoxy ester 

based[38].  

Water dispersible paint- After dispersion in water some small clusters of the paint 

remain insoluble which can be dissolved using both organic co-solvents and 

mechanical force. The resins used in these types of dispersion paints include vinyl 

propionate copolymers, vinyl acetate copolymers, acrylate methacrylate copolymers, 

and styrene-butadiene copolymers and polymers. Colloidal dispersions are normally 

used for the coating purpose of porous materials[39]. 

Emulsion Paint- This type of paint is similar to the water dispersible paint however, 

the size of cluster formed is larger in case of emulsion paint and emulsifier is used to 

make it suspended in water. In general resins used in this paint are styrene-butadiene 

copolymers, acrylics, alkyds, polyvinyl acetates and polystyrene. It has higher 

permeability, which leads to less peeling and blistering of the paint[40]. 
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Water based alkyds- These coatings have longer curing time in comparison to 

solvent-borne coatings but have similar properties. The viscosity range of this paint is 

very large and can be applied by spray or dip coating method[41]. 

Water-borne paints have the following advantages: 

• Have good resistance to heat and abrasion 

• Excellent adhesion 

• Low toxicity and flammability due to low VOC emission 

• Cost effective 

• Less amount of coating material is required in comparison to other coatings 

• Higher pot life 

• The paint guns can be cleaned easily with water or water-based solutions and 

do not require paint thinner, acetone, or methyl acetate 

Despite all these advantages, water-borne paints have also some shortcomings 

like,  

• Higher curing time 

• Low coating thickness range 

• Corrosion resistance equipment required 

• Lower thermal stability 

 

2.1.3.3(b) Solvent-borne Paint: Solvent-borne paints are normal known as oil 

paints. These paints contain solid constituents dispersed in the solvent and the 

solvent medium used is hydrocarbon-based organic compounds. These 

organic compounds provide a durable and hard finish to the paint. The most 

significant advantage of this paint over water-based paint is, it is less 

susceptible to environmental conditions like temperature and humidity during 

curing process[42].  Solvent-borne paints contain high level of volatile organic 

compounds (VOC), which is hazardous to the environment.  The solid 

dispersion content in this paint is up to the range of 80%. The solvents used 

are normally consists of hydrogen and carbon[43]. There is a wide range of 

solvents used in paint industry like, 
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• Aliphatic (white spirit) 

• Aromatic (xylene, toluene) 

• Ketones (methyl ethyl ketone) 

• Esters 

• Alcohols 

• Glycol ethers 

• Glycol ether esters 

Solvent-borne paints have the following advantages; 

• Less amount of paint is required for coating purpose 

• Wide range of coating thickness can be obtained 

• Few numbers of spraying operation are required to get the desired coating thick 

ness. 

• Helps self-orientation of metallic flakes in automotive coating application. 

• Better scratch resistance and hardness properties are observed in comparison 

to water-based paint. 

Despite all the advantages this coating also has some demerits. Such as; 

• Toxicity content due to presence of VOCs. 

• Higher viscosity 

• More expensive 

• Shorter pot life 

• Requirement of modified equipment for painting application 

 

2.1.3.3(c) Epoxy based paint: Epoxy is an excellent two component coating 

material i.e., epoxy resin and curing agent or hardener. Epoxy coating becomes 

rigid after curing with improved mechanical properties. Epoxy coatings are anti 

corrosive in nature; thus, these are mostly used for protection purpose. But it is 

very prone to defects due to its brittleness. Hence, during application the 

brittleness should be controlled. R. Jain et al. stated that epoxy-based paints 

normally have a high range of tolerance when applied on a surface. For this 
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particular property these paints are used as protective coating for marine 

application[44].  

Epoxy coating has the following advantages; 

• Very high strength and stiffness 

• Excellent insulation capacity 

• Good adhesive and cohesive strength 

• Higher chemical resistance 

• Resistance to corrosion and fouling 

Nagshah et al. stated that epoxy has high cross-linking capacity, which makes it tough 

with significantly resistance to mechanical forces, chemicals and also to heat and 

electricity. Hence, it is used in structural crack repair and under water adhesives and 

coatings[45]. Epoxy coatings have a vast range of application from aerospace, 

automotive to industrial field.  By addition of field emission particles epoxy coatings 

can protect the substrate from electromagnetic waves. Substrates used for epoxy 

coating can be metals, concrete or polymeric. Epoxy coatings are resistant to strain 

and are highly durable. These coatings do not form any cross-linking bond with water, 

chemicals or ultraviolet radiation. Epoxy to hardener ratio is always predetermined by 

the industry experts. Epoxy is derived from the latex acrylic paints and is thermosetting 

in nature. It has excellent adhesion properties due the presence of polar bonding in 

between the resin and the hardener. Epichlorohydrin reacts with acidic hydroxy group 

to produce epoxy. The hydroxyl groups are in general derived from aliphatic diols, 

polyols, phenolic compounds or dicarboxylic acid. Among all the hydroxyl groups 

bisphenol A is mostly used to produce epoxy. The epoxy produced is also known as 

diglyceride ethers. The epoxy bond is observed in ring like structure, which is known 

as oxirane ring. Fig. 2.1.b shows the epoxy ring. 
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                                        Fig. 2.1.b: Epoxy structure 

The epoxy ring in epoxy resin consists of one oxygen atom bounded with two carbon 

atoms. This epoxy resin can be cured by various curing agents to achieve the required 

properties. The oxirane rings reacts with suitable hydroxyl group to form a rigid 

thermosetting epoxy[46]. 

Despite all the advantages of epoxy paints these also have the following short 

comings; 

• These paints cannot withstand UV exposure 

• After some time, these paints tend to become yellow in color 

• Brittleness is very high 

• High viscosity 

• Lower thermal properties 

 

2.1.3.3(d) Acrylic based paint: Henry Levison first discovered Liquitex, which 

was later recognized as acrylic paint. Acrylic emulsions are composed of particles 

of amorphous polymer suspended in water. The two-phased system is held in 

suspension by using surfactants and other surface stabilizers. During its curing 

process, water evaporates to draw the spherical polymer particles closer, which 

then molded together to form a ‘honeycomb’ network. A coalescing-solvent additive 
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confirms malleability of the polymer particles of the paint, to get complete 

compaction, even after the water has evaporated. Eventually, the boundaries 

between particles become un-detectable and the film is considered continuous. 

However, it has been shown that pores or micro-voids are often left within the film, 

which can be seen with light microscopy and. Yamuchi et al. stated that acrylic 

paints are fast drying paints having pigments suspended in acrylic emulsion. It is 

water soluble in prior curing but becomes rigid to water after curing. The coating 

obtained from aqueous acrylate polymer emulsion drying either at room 

temperature or at heated condition gives a good quality of durability. For this 

property acrylic paint is used as a resin for water soluble paints. But the 

disadvantage of this paint is, when it is exposed to UV radiation, its luster and gloss 

becomes dull gradually[47]. To overcome this problem some additives can be 

reinforced into the paint to improve the properties. The most commonly used 

additive for acrylic paint used is silicon, which protects it from environmental 

exposure. Clarket al. stated that acrylic paints can enhance the appearance, 

hardness, flexibility, texture of the paint by using the acrylic medium. The chemicals 

used in acrylic paints are more flexible, which makes the paint very much suitable 

for application purpose as they can expand and contract properly with fluctuation 

of temperature[48]. Fig. 2.1.c below reveals the application of acrylic based 

coating. 

 

                             Fig. 2.1.c: Application of Acrylic resins 
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Acrylic paints have the following advantages; 

• Good weatherability 

• Higher chemical resistance 

• Good mechanical properties 

• Faster drying 

• Retain original color 

• Wide range of flexibility 

• Can be cleaned easily 

• They can adhere to any substrate smoothly 

• Vast range of applicability 

• Low odour, less fumes and non-flammable 

• Characteristics of the paint can be changed with change in mediums 

Waterborne acrylic resins are usually copolymerized by acrylic acid, methacrylic acid, 

and their esters or other derivatives, whose properties can be tailored by regulating 

the compositions. There are many ways to synthesize waterborne acrylic resins 

(including emulsion, solution polymerization, bulk polymerization, and suspension 

polymerization), of which emulsion polymerization is the most widely used. It is 

synthesized by monomers, emulsifiers, water, and initiators. The synthetic 

macromolecular chain is mainly composed of a carbon chain, which is divided into a 

soft segment and a hard segment. The hard segment is mainly composed of hard 

monomers (methacrylate, styrene, etc.), which can improve the hardness of the resin, 

and the soft segment mainly contains soft monomers such as acrylate, which can 

provide flexibility for the resin. The structure and composition of the resin framework 

affect the product performance[49].  

The acrylic paint is mainly divided into two types depending on the grades i.e., 

aristocratic grade or professional grade and student grade. The wide variety of 

acrylic paints used is as follows 

• Heavy body acrylics: These are highly viscous paints best suitable for 

heavier paint applications. 

• Medium viscosity acrylics: These paints have a lower viscosity but 

same pigment quality as the heavy body acrylics. This type of paint is 
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most desired for smooth coverage for water color application. This can 

be modified to heavy body acrylics by addition of acrylics. 

• Open acrylics: The open acrylic paints have a viscosity that can be 

managed to be applicable in wide range of viscosity level. 

Despite of all these advantages, acrylic paints have following disadvantages; 

• More prone to scratches 

• Non heat resistant 

• Difficult to remove 

• Very less variety of colors 

 

2.1.3.3(e) Urethane based paint: These paints protect the substrates from 

various types of defects such as corrosion, weathering, abrasion and other 

deteriorating processes. PU itself is a type of polymer that is connected to a 

chemical compound group known as carbamides[50]. This polymer material is 

also thermosetting in nature. These paints can be formulated to be glossy, 

opaque or transparent. From the past two decades urethane paints are 

considered as the best for industrial use, and is considered as the best in 

automobile paint industries. It two parts i.e., one soft segment the polyol and 

another hard segment the isocyanate part. In this paint the isocyanate acts as 

the curing agent, which is toxic in nature causing harm to lungs and skin. Hence, 

precaution should be taken during application process. PU coating can be 

divided into two-component type and one-component type. The two-component 

PU paint is composed of one hard segment i.e., isocyanate and one soft 

segment i.e., polyol having hydroxyl groups. The –OH group of polyol reacts 

with the –NCO group of isocyanates to produce urethane linkage, and the 

property of the paint depends on OH: NCO ratio of the urethane linkage[51].  

Urethane based paints have the following advantages over other paints; 

• Can achieve very high gloss and finish, which enhances the looks of the 

automobile body 

• Higher durability 
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• Can resist the adverse environmental effects 

• Work very well with modern high volume, low-pressure spray guns 

• Gives highest level of protection to the automobile body 

• Wide range of versatility 

• Can save energy 

For the above-mentioned outstanding properties, urethane-based paints are now 

considered as the best paint material in automotive painting industry. 

Types of PU-based paint: Ismail et al. stated that PU-based paint is categorized 

according to the type of polyol used i.e., petroleum based or bio-based. Majority of the 

polyols are synthesized from polyether, which are derived from ethylene and 

propylene oxides[52] M.C.C. Ferrar et al. stated that now-a-days a large scale of 

vegetable oils are used as polyols in PU synthesis. The most used vegetable oils are 

castor oil and soybean oil[53].The chemical composition of vegetable oils is 

triglycerides of long chain fatty acids. In these fatty acids, the most common chain 

length are 18 or 20 carbon atoms which can be either saturated or unsaturated, where 

the unsaturated double bonds are present at the 9, 12 and 15 carbon. Fig. 2.1.d shows 

the chemical structure of PU. 

 

                                                  Fig. 2.1.d: Chemical Structure of PU 

PU used in paint industry is generally divided into two types i.e., reactive and non-

reactive[54]. According to number of components used PU is again of two types i.e., 
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two components or 2k system and one component or 1k system. In 2k system there 

is a chemical reaction between polyisocyanate and polyol or polyamine to prepare the 

PU paint. In 1k system there is a single component which hardens when exposed to 

heat, light or atmosphere. 

1K paint dries very fast, but has less hardness in comparison to 2k paints. Thus, these 

are used for substrates that are less prone to scratch and abrasion resistance. But the 

2k paints have more hardness and scratch resistance ability, thus used in most of the 

paint industries[55]. The types of PU-paints are described in Table 2.a 

Table 2.a: Reactive and Non-reactive PU paints. 

PU Type Curing Type Product Description 

Reactive Oven cured These are 2k system paints. This includes 

powder                                                                       

coating and most other PU based coatings                                                                         

Moisture cured These are 1k paints having higher molecular 

weight and low free isocyanate which cures 

by reaction with moisture and forms urea 

linkage 

Nonreactive Non-isocyanate In this type of paint isocyanate is non-

reactive during the reaction  

 

2.2 Automotive paint:  

The introduction of automobile paint in early 1900 brought a tremendous revolution in 

the paint industry. A. Gimpieria et al. stated that in the beginning of paint industry both 

primer and the upper coat were prepared from oleo resinous material i.e., a mixture of 

resin and oil. Multiple numbers of coats were required for the painting purpose and the 

time of drying was very long i.e., around 2-3 weeks[28]. Larger covered areas were 

required for the painting purpose and the resultant paint was dull in appearance and 

was not resistant to environmental effects[3]. Also, the colour selection was limited to 

some particular colours. These problems in the paint industry led the researchers to 
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development of an advanced revised form of paints. Table 2.b depicts different types 

of oleo resinous binders. 

Table 2.b: Different types of oleoresinouss binders 

Resin Oil Pigment Filler Solvent 

Amber Linseed oil White lead Chalk Oil of 
turpentine 

Copal Wood oil Zinc oxide Caolin Pine oil 

Rosins Perilla oil Bone black  Alcohol 

Shellac Castor oil Cobalt blue   

Significant research is going on the automotive paint industry to reduce the 

consumption of high energy and water and also volatile hazardous compounds (VOC) 

emissions. The improvement of the automotive paint industry has been started since 

1940s, with the development of electro-deposition. It was further improved in 1960s 

by producing low VOC. W.A. Frye et al. stated that in 1990s there was development 

of waste minimization and in 2000s the environment legislation brought significant 

changes in paint industry[20]. Fig. 2.2 shows the revolution in automotive paint 

industry. 
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Fig. 2.2: Automotive paint revolution 

According to S. Papasavva et al. the automobile paint generally consists of 3 layers 

i.e., primer which is used for adhesion and levelling of the substrate, base coat i.e., 

responsible for the colour of the paint and applied on the primer coat and clear coat is 

the upper most transparent coat of paint i.e., responsible for the gloss and scratch 

resistance of the paint. The paint helps in both appearance of automobile as well as 

weather, scratch and environmental effects[57]. R. Gray et al. stated that the liquid 

coats are either waterborne or solvent borne. The resins used in these coats as base 

polymer are normally epoxies, urethanes, acrylics or polyesters[58].  

According S. Kara et al. the painting unit is the most environmental effective among 

all other units of an automobile industry[59]. Up to 90% of VOCs emission occurs 

during painting and curing process. Around 60% of energy is consumed in the Painting 

unit in an automotive industry[60]. Fernades et al. stated that emissions during     

painting   process are in the form of air, water, and soil as paint sludge. Air emissions 

include PM, VOCs, Sox, NOx, CO, and CO2[61]. The most dangerous one is VOC, 

which converts into smog on exposure to sunlight due to photochemical reaction. A.B. 

Rahim et al. stated that main source of volatile oxide emissions are solvents that are 

used in paints/coats formulations. Solvent cannot be avoided because it is required to 
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give proper adhesion and fluidity of the material and also it maintains the paint 

viscosity[62]. Kahikaet al. stated that there are no clear studies in changing the type 

of paint can lower the paint emission. 

2.3. Painting Process:  

 

Fig. 2.3.a: Painting process 

Fig. 2.3.a shows the steps followed in the painting process. According to S. Mishra et 

al. in case of liquid paint and powder coating, resins, pigments, solvent and additives 

are added and then baked during the curing process of the paint. In case of liquid 

paint, the volume shrinkage occurs, because there are more than 40% VOC in a liquid 

paint, which evaporates while drying. There are different steps of painting, which are 

followed step by step in the automobile paint industry[63]. These steps are described 

below; 

• Pretreatment 

• Electrode deposition 

• ED sanding 

• Sealant & PVC lining 

• Primer coat 

• Base coat 

• Clear coat 
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2.3.1 Pre-treatment:  

Pre-treatment is a very important process in paint industry, which is applied to the 

automobile body by spray baths or immersion baths. This process has following 

advantages like[64]; 

• Excellent corrosion resistance 

• Higher cleanliness of metal 

• Very good adhesion of the paint 

Zinc phosphate is the most used pre-treatment agent in paint industry. This process 

involves a number of cleaning stages, which is followed by titinated activated rinse 

with deionized water. This process helps to prevent metal oxidation and creates 

uniformity in the appearance.  

The materials required for pre-treatment process are; 

• Activating agents 

• Phosphate 

• Sealant 

• Plastic 

2.3.2 Electrode deposition:  

This process is followed by pre-treatment; in which paint dispersed in water is 

electrically deposited on the automobile body the process followed is electrolysis. Z. 

Hemedon et al. stated that it forms a uniform coating which is resistive to corrosion. 

This process starts with pre-treatment process which includes pre-cleaning, pre-

degreasing, degreasing, water rinse, surface conditioning, phosphating, final water 

rinse and deionized water rinse. After the pre-treatment process, electro-deposition 

process is done which include electro-deposition, ultra-filtration and final deionized 

water rinse. After the electro-deposition process, the automobile body goes for 

baking[62]. The fundamental process in electrode deposition is similar to 

electroplating. The automobile body is given strong negative charge and then dipped 

in positively charged paint tank having a DC power supply. This process is called 

cathodic deposition. Fig. 2.3.b shows the function of an electro-deposition tank.  



30 

 

 

Fig. 2.3.b: Electrode deposition tank 

The process has following advantages; 

• Very good corrosion resistance 

• Thin film thickness 

• Less requirement of electric current 

• Access to all the areas of automobile body 

After coming out from the electro-deposition dip tank, the automobile body is rinsed 

several times before going to the baking oven. This baking process is done in a 

number of steps with different instruments like, 

ELPO Oven: This oven helps in curing the paint after coming from the paint dip tank. 

It increases the cross-linking density and creates a single uniform coating. 

Sealing: Sealing compounds are applied to improve corrosion of particular parts of an 

automobile body. This process is handled by robots having number of cameras to get 

the visionary system. 

Anti-Chip: Anti-chip is a urethane layer coated on the front, underside and lower body 

panel, which acts as a protective layer for the metal body. The anti-chip booth uses an 

electrostatic bell-shaped applicator, attached with an automatic trigger. This coating is 
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highly negative and the metal body is grounded to give positive charge, which makes 

the spray-coated on the metal substrate. 

Anti-chip Oven: Anti-chip oven is used to cure the sealant and anti-chip. During the 

curing process, the sealant flows to the cracks and crevices of automobile body to 

form a water-resistive barrier. 

Preparation: After baking the automobile body is cooled down and then enters the to 

paint shop area. After coming to the paint area, it is dusted with the help of four rolls 

of ostrich features, air suction and air jet. 

Clean room: It contains robotic electrostatic modular paint booths, switching system 

controller, fire suspension system. This helps to get contamination free paint on the 

vehicle body. 

2.3.3 ED-Sanding:  

ED-sanding is required to remove the defects of the automobile paint before applying 

the paint. S. M. Mahajan et al. stated that the most common defect in electro-

deposition process is presence of water spots (beats) on the metal substrate. These 

beats are generally removed by sanding the metal body. In some cases, surfactants 

or ultra filtrates can be added[65]. 

2.3.4 Sealants & PVC Lining:  

The automobile industry uses sealants to seal the vehicles interior and exterior parts 

like chassis, under the hood, lower panel etc. to bond them perfectly. Loeschen et al. 

stated that it also helps to make the metal body lighter, which increases the fuel 

efficiency of the automobile. Normally PVC lining is used as the sealant in automobile 

industry. 
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2.3.5 Primer:  

In automobile paint industry, primer is generally applied after ED- sanding and before 

applying the top coat. The main purpose of applying primer is adhesion and proper 

levelling of paint. Before applying primer, the following steps are followed[66]. 

▪ Complete rust removal by sanding 
▪ Filling the dents, scratches etc. on the vehicle body 
▪  Substrate should be completely dry. 

There are various types of primer used in automobile industry like, 

• Epoxy primer 

• Urethane primer 

• Polyester primer 

• Urethane sealer 

• Acid Etch primer 

• Enamel primer 

• Lacquer primer 

• Moisture cure urethane primer 

2.3.6 Base Coat:  

This is one of the most important layers of automobile paint. It has colour pigments, 

which is responsible for the colour of the paint. It is applied above the primer and below 

the top coat. It mainly attracts the buyer’s decision during the purchase. It is normally 

urethane based and its properties mostly affect the paint. As in recent research there 

are tremendous works going on colour pigments and researchers are trying to develop 

the properties of paint by improving the pigment properties and then reinforcing it with 

the paint. Approximately 1000 different colours are developed every year in paint 

industry. There are three different types of basecoats that are used in automobile paint 

industry, i.e., solvent borne medium solids (MS), solvent borne high solids (HS) and 

water-borne[67].  

 

 

 



33 

 

2.3.7 Clear coat:  

This is the top most layer of automobile paint. This is a transparent glossy layer, which 

give both gloss and protection to the paint. It protects the paint from fading by sun, dirt 

and environmental effects. It also makes the repair of scratches easier[67]. 

2.4. Different Components of Automotive paint 

Normally paint contains some important components like pigment, additive, binder, 

thinner and hardener. These are the main components of paint and the paint property 

normally depends on the components and their chemical properties. Fig. 2.4.a shows 

thew different components of automobile paint. 

 

Fig 2.4.a: Different components of automotive paint 

2.4.1 Pigment:  

 

                               Fig 2.4.b: Types of pigment 
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According to Chakraborty et al. pigment is the component of paint which is responsible 

for colour of the paint. According to source of production, pigment is divided into two 

types i.e., natural pigment and synthetic pigment. According to chemical structure it is 

divided into organic and inorganic pigment. The classification of pigment is described 

in Fig. 2.4.b. Pigments are responsible for the colours in each and every thing in the 

world and plants and plant products are measure provider of pigment. Fruits, 

vegetables, flowers and other living beings have particular colour, these colours are 

due to some natural pigments i.e., the green chlorophylls, the yellow-orange-red 

carotenoids, the red-blue-purple anthocyanins and the red betanin[68]. 

Synthetic pigment is the pigment which is derived from various chemical reactions. 

The discovery of man-made synthetic pigment was in the mid-19th century, gradually 

replaced the natural pigment, as it produced in bulk amounts and is capable of fulfilling 

the needs of market. 

According to chemical structure the pigments can be organic or inorganic. Organic 

pigments are defined as the pigments, that are derived from organic compounds. The 

examples of organic pigment are azo pigments, lake pigments, pthalocyanine 

pigments and quinacridone pigments. These pigments are composed of carbon rings 

and carbon chains. The pigments derived from inorganic compounds are known as 

inorganic pigments. 

Comstock et al. stated that organic pigments are normally of three types i.e., carbon 

pigments, polyacrylic pigment, and azo pigments[69]. 

 

                                     Fig. 2.4.c: Different types of Organic Pigment 
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Fig. 2.4.c shows the different types of organic pigments and its origin.  Carbon black 

comes from furnace black, lamp black, bone black, vegetable black etc. Polycyclic 

pigments come from perylene, perinone etc.  The source of azo pigment is mono azo 

pigments, azo metal complexes etc. Edriss et al. stated that dyes are soluble in a 

polymeric system, but pigments are the particular colorants, which do not dissolve in 

the resin, but remain essentially unchanged during the processing. Pigments reside 

as a separate phase, and there are interfacial boundaries to consider, which play a 

role in the physics of coloration[70]. Naturally occurring inorganic-coloured pigments, 

prepared from minerals or their combustion products, have been used since 

prehistoric times. The weathering of minerals and rocks containing iron oxides 

produces yellow, orange, red, brown, and black pigments. Lead, mercury, arsenic, and 

copper oxides, sulphides and carbonates produce red, blue, and green colours. 

Inorganic coloured Pigments (CICPs) were developed in large part for colouring 

ceramic bodies and glazes and used in glass matrices and porcelain enamels. 

Different types of synthetic inorganic pigments are described in Fig. 2.4.d. Today they 

are used extensively in the coloration of plastics and paints, especially when heat and 

weather resistance are required[70]. 

 

                                     Fig. 2.4.d: Synthetic Inorganic pigments 
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Pigments not only give the paint its colour and finish, but also protects the substrate 

from corrosion and weathering as well as helps to hold the paint. Both inorganic 

Special pigments can be used to give metallic finishes e.g., pearl colours used in cars 

for higher gloss[71]. 

2.4.2 Binder/Resin:  

Binder/resin is the main ingredient of paints. Binders are polymer resins, which form a 

continuous film on the substrate surface and give proper adhesion. The binder holds 

the pigment particles distributed throughout the paint. The binder is dispersed in a 

carrier i.e., water or organic solvent before using in the paints or coatings. Normally 

binders used are of four types based on their origin i.e., alkyd resins, epoxy resins, 

urethane resins and vinyl and acrylic resins i.e., shown in Fig. 2.4.e[52–54]. 

 

Fig. 2.4.e: Types of binders used in paint 

2.4.3 Additive: 

 Normally most of the paint properties depend on the polymeric resin used and the 

pigment [74]. In some studies, it is proved that by increasing cross-linking density 

using higher functionality oligomers and larger amounts of cross-linking agents, paint 

properties can be improved. In recent studies it is proved that incorporation of 

nanoparticles in paint matrix can make a huge enhancement in mechanical properties. 
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The commercial availability of nanoparticles allows researchers to obtain new 

properties which were unachievable in past[55, 56]. 

These nanoparticles, which are incorporated into the paint matrix to improve the 

properties of the paint are called additives. Nano-silica, nano-alumina, nano-silver, 

nano-clay etc. are the most abundantly used additives in automobile paint industry. 

2.5. Important Factors affecting Automobile paint  

Factors affecting automobile paint is described in Table 2.c. 

Table 2.c: Factors affecting automobile paint 

Variable Parameter 

Spray variable Distance between spray gun and substrate Air spray, 
Bell Voltage, Spray pressure 

Paint variable Viscosity, Temperature, Paint type, Solid and 
Nonvolatile materials present 

Booth variable Temperature, Humidity, Air current speed 

Movement variable Conveyer speed, Automobile length 

Vehicle variable Thickness of substrate, Panel temperature 

 

2.5.1 Paint Temperature:  

Paint temperature is a very important factor in the painting technology. Simon et al. 

stated that it must be within a particular range while spray painting. Below this value it 

could not crosslink properly and above this value it becomes brittle. So, it is very 

important to maintain a proper paint temperature[77]. 
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2.5.2 Paint Viscosity:  

In automobile paint industry viscosity is a very important property, because it should 

be perfect. If it is very low the paint cannot flow on the automobile body properly and 

if it is very high the paint becomes hard and brittle. Proper viscosity could be 

maintained by adding some thinners in the paint. For thinner materials normally 

acetone, alcohol and commercial thinners are used[77]. Viscosity can be calculated 

from shear stress and shear strain following the Equation (2.5) 

(ή) Viscosity = (T) shear stress/ (D) shear rate-------------------(2.5) 

Viscosity is expressed in poise or centipoises 

2.6.  Reasons of Scratch in Automobile paint 

Normally the automobile body is made up of steel with some parts made of plastics 

like rear view. When the automobile body is exposed to dirt, road chips, outer collisions 

etc., there occur some scratches on the body part. N.R. Whitehouse et al. stated that 

the most common cause of scratch and abrasion is road salt and dirt. The paint is 

more prone to scratch when exposed to humidity than the dry environment, as the 

moisture in environment causes more scratch by binding with the dirt[78]. Another 

main reason for scratch is accident and cleaning the automobile body with brush. 

There are normally five reasons to create scratch in an automobile body 

• There is a chance of scratch and abrasion, if there is improper washing of 

automobile body. If the washing material is improper like rug, it can cause 

scratch and if the drying is not done perfectly, it also can lead to scratch 

formation 

• If we go for automatic wash, it can also create scratches, the brushes used in 

automatic wash can easily collect dirt and its sharp end can deteriorate the 

paint. 

• Dirt and road salt is another reason for scratch in automobile body.  

• Rubbing the automobile body with sharp objects can also create scratches in 

the paint 
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• Accidents are reason, which is mostly responsible for scratch in automobile 

body. 

Fig. 2.6.a describes the various types of scratch and it’s the reasons for scratch 

propagation. 

 

Fig 2.6.a: Automobile scratches occur due to (a) dirt and road salts (b) automatic wash 

(c) accident (d) rubbing with sharp objects. 

 
 

 

 



40 

 

 

Fig 2.6.b: Types of scratches 

According to Fig. 2.6.b, there are five types of scratches i.e.,  

2.6.1 Stains:  

Stains are known as mars, as these are slight scratches  caused by dirt and road salts. 

2.6.2 Oxidation:  

Oxidation is the type of scratch that occurs due to humidity in the environment. When 

the moisture content the in environment is very high, it tries to make oxide of the outer 

body part, which leads to scratches. 

2.6.3 Clear coat scratch: 

 If the scratch is only on the upper most transparent layer of the paint it is known as a 

clear coat scratch and it is very easy to remove by treatment. 

2.6.4 Paint scratch:  

If the scratch is on both the clear coat and paint coat, it is known as paint scratch. It is 

not considered as minor scratch. 
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2.6.5 Deep paint scratch:  

When the scratch is very severe and the steel part of the body is visible, it is known 

as a deep scratch. Here the scratch is on all three layers of paint i.e., primer, basecoat 

and clear coat. 

2.7. Scratch and Abrasion resistance improvement of Automobile 

paint 

Roger et al. stated that, the advancement of nanotechnology developed a wide range 

of applications resulting in improved mechanical properties, thermal stability, UV 

resistance, chemical and solvent resistance, and better optical properties in coating 

industries[79]. The nanoparticles in general are incorporated as additives in the paint 

matrix. Nanoparticles like nano-silica, nano-alumina, nano-zirconia and nano-titania 

are used in property enhancement of paints. Nanoparticles are incorporated into the 

paint matrix by using the following processes. 

• High-speed stirring 

• Dispersion 

• In-situ polymerization 

• Sol-gel process 

High speed stirring: In this process the polymer matrix was stirred at very high speed 

and during the stirring process, the nanoparticles are added gradually to it along with 

some solvents. In another process the nanoparticles are added to solvent in a high-

speed stirrer and then the solution was added to the polymer matrix[80]. 

Dispersion: In this process the nanoparticles are added to the polymer matrix by 

ultrasonication dispersion method, which results in proper homogenization of 

nanoparticles into the polymer matrix[80]. 

In-situ polymerization: In this process nanoparticles are first dispersed in the liquid 

monomer and form a homogeneous mixture. Then the polymerization reaction was 

initiated by addition of suitable initiator. After complete polymerization, nanocomposite 

is synthesized having nanoparticles attached to the polymer matrix[81]. 
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Sol-gel process: This process is a wet chemical process which is also known as 

chemical solution deposition. This process follows a number of steps like hydrolysis, 

polycondensation, gelation, aging, drying, densification and crystallization. This 

process forms an inorganic colloidal suspension i.e., sol and gelation of the sol in a 

continuous liquid phase i.e., gel to form a three-dimensional network structure[82]. 

2.7.1 Scratch resistance improvement of Paint by using Polydimethylsiloxane 

(PDMS):   

PDMS has silicon particles, which increases corrosion, scratch and water resistance 

properties of the paint. It has a unique chemical structure i.e., siloxane having Si-O-Si 

group. Eduok et al. stated that, it has low glass transition temperature and also has 

siloxane group, which makes it more preferable over simple silanes[83]. It is mostly 

used in coating for anti-fouling and anti-microbial properties and has weak 

intermolecular forces between the particles. 

Simple flame treatment methods are used to prepare micro/nano size of PDMS.  For 

flame source wipe papers soaked with ethanol are taken and the reaction temperature 

range is within 700±20 °C. After 30 sec of flame treatment a flower petal nanoparticle 

is formed, which is divided into three patterns according to their structure i.e., flat 

PDMS, square pillar pattern PDMS and rectangular ridge PDMS pattern[84]. X. Xue 

et al. stated that these different patterns of PDMS matrix increases its roughness, 

attributing to the hydrophobicity and scratch resistance properties of the paint 

substrate[85]. 
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Fig 2.7.a: SEM image after flame treatment for 0s, 10s a) Flat- PDMS, b) Square 

pillar pattern PDMS, c) Rectangular ridge PDMS. Copyrights reserved from 

ELSEVIER[84] 

From the Fig. 2.7.a, it was found that the surface roughness of the PDMS increases 

with increasing the flame treatment time. According to Hossenzadeh et al. this 

increase in roughness of the surface increases the hardness and water repellency 

capacity of the surface. It was also found that there is more surface roughness in 

square pillar pattern and rectangular pattern than the flat PDMS structure. Most of 

the super hydrophobic paint are water repellant but are not resistant to some oils or 

other organic components, so now the researchers are trying to develop super 

oleophobic paint[86]. PDMS is mainly used for the hydrophobicity properties, to 

enhance it to oleophilicity[87]. 

D.Lv.et al. stated that PDMS can also be used in the modification of PU/Ag composite 

coating, which results in super hydrophobic and low infrared emissive paint. In this 

experiment PU considered as resin, Ag powder as modifier and PDMS as 

pigment[88].From the experiment it is concluded that, the ratio of Ag powder and silica 

particle of PDMS determines the hydrophobicity of the coating. At ratio 6:4, optimum 

hydrophobicity and self-cleaning properties are achieved. At this particular ratio the 

water contact angle of the coating is 151 ° and the sliding angle is 9 °[89]. 
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W. Zhang et al. stated that PDMS can be used in modification of PU and aluminium 

composite coating to achieve super hydrophobicity and low infrared emissivity[90]. 

From the result it is found that when the curing temperature is 80 °C, the coating has 

lowest infrared emissivity and gloss and with addition of aluminium particle increased 

the water contact angle of the coating up to 117 °. The ratio of aluminium to silica 

particles of PDMS normally determines the hydrophobicity and self-cleaning capability 

of a coating.  

Super hydrophobic paint 

Super hydrophobic means the material which is highly water repellent. Xue et al. 

stated that super hydrophobic surface is normally prepared by roughening the surface 

with low surface energy or by chemical modification. In most of the cases silicon or 

PDMS are used for hydrophobicity purpose.  

 

Fig 2.7.b: Image of contact angle of a substrate 

The hydrophobicity is measured from the contact angle that water forms with the 

coating surface. It is measured from the angle the water droplet creates when it 

touches the surface. Fig. 2.7.b shows the contact angle forms at the solid and liquid-

vapor interface. The formula of contact angle is derived from Equation (2.7.a) 

𝛾𝑆𝑉−𝛾𝑆𝐿

𝛾𝐿𝑉
= 𝑐𝑜𝑠𝜃--------------------(2.7.a) 
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Where θ is the contact angle 

γSV is solid surface tension 

γLV is liquid surface tension  

γSL is solid and liquid boundary tension. 

Contact angle is measured by the instrument, goneometer. If it is between 0-90 ° the 

surface is considered to be hydrophilic, but for hydrophobic surface the WCA must be 

greater than 90 ° and its limit is up to180 degree. For super hydrophobic surface it 

should be more than 120 °. 

J. Riberio et al. stated that the roughness of the surface helps in formation of super 

hydrophobic layer of coating[91]. M. A. Alam et al. stated that in case of automobile 

body surface is a very important part. The scratches that occur on the body very much 

depend on the type of substrate used for painting[91]. If the surface is hydrophobic 

there is less chance of scratch formation. The hydrophobicity is measured from the 

contact angle, water forms with the surface. The characteristics of surface like wetting, 

de-wetting and adhesion also can be determined from the contact angle. 

2.7.2 Scratch resistance improvement by nano-silica (NS) 

F. L. King et al. stated the most used polymer for automobile paint is PU. It has unique 

properties like excellent transparency, very good mechanical strength, and chemical 

resistance[92]. To further improve the properties of paint some inorganic nanoparticles 

are incorporated into it. The nanoparticle additives help to prevent micro cracks, 

cavities, and scratch and abrasion[92]. The most common failure mechanism occurs 

in paint is scratch, abrasion, and improper adhesion. To overcome these problems 

nano-additives are added to it. Among the nano additives, NS is one of the mostly 

used materials. F. Fallah et al. stated that NS particles can significantly enhance the 

performance of paint by increasing its mechanical strength and durability. It was 

observed that addition of NS particles into the paint matrix improved its mechanical, 

thermal, chemical and optical properties[93]. F. Velasco et al. stated that NS particles 

are non-toxic, optically transparent and chemically inert[94]. Silica has anti reflective 
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properties which help in energy conservation. The polymer matrix normally used in 

paint industry for NS incorporation are PU, epoxy, acrylic and alkyds. 

Epoxy polymer matrix: Epoxy is considered as a high-performance coating material 

in the chemical industries. Epoxy matrix with low viscosity is mostly preferred to 

achieve excellent adhesion to the surface. Incorporating NS particles into the epoxy 

matrix, increased its mechanical properties significantly. Rasha et al. stated that the 

properties of nanocomposite depend on the particle size, particle shape and degree 

of dispersion of nanoparticles. Nanoparticle can be incorporated into the paint matrix 

by employing the following processes, i.e., high speed stirring, high energy processing, 

ultrasonication, in-situ polymerization etc. The NS particles reinforced in epoxy matrix 

is normally ranges from 5-75 nm in size. NS additives are used to improve the abrasion 

resistance, wetting properties, corrosion resistance, thermal properties and 

mechanical properties of the epoxy matrix[95]. 

PU-based polymer matrix: PU is the most common polymer matrix used in paint 

industries due to its excellent transparency, weathering stability, higher mechanical 

strength and chemical resistance. Some different microstructures are developed due 

to reinforcement of nanoparticles in the matrix, which prevents the propagation of 

cracks resulting in improved mechanical properties. According to Mallaki et al. 

normally precipitated silica of size 8-15 nm and fumed silica of size 7-12 nm are 

preferred to be used as nano additives. The dispersibility and mechanical properties 

enhance significantly by addition of NS additives. By incorporating NS particles 

erosion resistance, hardness, mar resistance and the transparency of the PU paint 

improve significantly[96]. The NS particles are reinforced in different processes like 

blending, high-speed stirring or in-situ polymerization. 

Acrylic based Polymer matrix: Acrylic paints are modified by NS particles to achieve 

transparent, non-yellowing and chemically stable paint. Incorporation of NS particles 

in acrylic paint enhances the corrosion resistance and scratch resistance properties. 

Rahimi et al. stated that the NS particles are developed by sol-gel process from 

methyl-ethoxy-silane. The NS reinforced acrylic paint is achieved by emulsion 

polymerization process. The particle size of NS ranges from 5-100 nm[97]. 
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Alkyd based Polymer matrix: Alkyds are normally used in exterior coating industry. 

These are known as thermosetting polyesters and are synthesized by condensation 

reaction of polyhydroxy alcohols and acid anhydrides. These are then modified with 

triglycerides. Anand et al. stated that the unsaturated triglycerides help them in cross-

linking and curing through auto-oxidation. Addition of NS particles makes the auto 

oxidation process faster. Additionally, they also increase the stiffness, hardness and 

abrasion resistance properties of the paint. Normally colloidal NS particles with high 

concentration are preferred for alkyd paint. The NS particles increase the cross-linking 

density of the paint[98]. Particle size of NS used in alkyd matrix ranges from 30-500 

nm. Incorporation of NS particles into alkyd matrix is done by reflux condensation 

process. 

I. Rehman et al. stated silica nanoparticles can be synthesized by two main processes 

i.e.  top-down and bottom-up. Top-down is the method by which the size of NS can be 

reduced in dimension by physical approach. In bottom-up or chemical approach 

process a common route is used to synthesize NS particles from atomic or molecular 

scale. Rahman et al. stated that the methods mostly used in bottom-up process are 

sol-gel process, reverse micro-emulsion, and flame synthesis process. Sol-gel 

process is the most widely used method to produce pure silica particles due to its 

ability to control the particle size, size distribution and morphology through systematic 

monitoring of reaction parameters[99]. In reverse micro-emulsion, the surfactants 

molecules dissolved in organic solvents forms spherical micelles. The polar head 

groups which are known as reverse micelles make themselves micro-cavities to 

contain water in the presence of water particles. The NS particles are grown inside the 

micro-cavities. The major drawbacks of the reverse micro-emulsion approach are high 

cost and difficulties in removal of surfactants in the final products. NS particles can 

also be produced through high temperature flame decomposition of metal-organic 

precursors. This process is also referred to as chemical vapor condensation (CVC). In 

a typical CVC process, NS particles are produced by reacting silicon tetrachloride with 

hydrogen and oxygen. The drawbacks of this process are difficulty in controlling the 

particle size, morphology, and phase composition. Sol-gel process is widely used to 

produce NS particles due to its ability to form pure and homogenous products at mild 

conditions. The process involves hydrolysis and condensation of metal alkoxides (Si 
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(OR)4) such as tetraethyl orthosilicate (TEOS, Si (OC2H5)4) or inorganic salts such as 

sodium silicate (Na2SiO3) in the presence of mineral acid e.g., HCl or base e.g., NH3 

as catalyst. The hydrolysis of TEOS molecules forms silanol groups. The 

condensation/polymerization between the silanol groups and ethoxy groups creates 

siloxane bridges (Si–O–Si) that form entire silica structure. The formation of silica 

particles can be divided into two stages: nucleation and growth. M. Alghdeir et al. 

stated that among all the wt.% of NS i.e., 0.5, 1, 2.5, 5 and 7.5, the coating with 1 wt.% 

of NS was optimized. From the Stress-strain curves, it was observed that the stress at 

break gradually increases with the increase of NS wt.% up to 1 wt.%. This result 

reveals that, NS particles would reinforce stress and cause the increase of the tensile 

strength of the nanocomposite. Beyond 1 wt.%, it was observed that the values of both 

the tensile strength and elongation at break of the nano composite decrease with the 

increase in the NS particle[100]. 

NS is amorphous in nature and is available in 3 forms i.e., precipitated form, fumed 

form and colloidal form. Scratch resistance is a very important property of automobile 

paint, as it affects the optical stability, mechanical properties and corrosion resistance 

of the paint. Malaki and co-workers have worked on the scratch resistance properties 

of NS-PU nanocomposite. In their work they had taken 2, 4 and 6 wt.% of both fumed 

and precipitated NS incorporated PU paint matrix for study. Fig. 2.7.c and 2.7.d shows 

the SEM images of PU paints with both fumed and precipitated silica. 
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Fig 2.7.c: SEM images of abraded fumed nano-silica clear coats; (a) PU, (b) FS2, (c) 

FS4 (d) FS6. Applied force is 2.5 N. Copy rights reserved from ELSVIER[96] 

Fig 2.7.d: SEM image of abraded nano silica clear coats a) PU (b) PU2S (c) PU4S (d) 

PU6S. Copyrights reserved from ELSEVIER[96]. 
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X. Shi et al. stated that NS has high value of toughness, which makes it highly scratch 

resistive[101]. It increases the interfacial adhesion, which leads to increase in 

toughness of the paint. Due to increment in toughness property of the paint, naturally 

the scratch resistance characteristic increases significantly. From the above figures, 

the SEM images of substrate without NS and with different wt.% of NS, it was studied 

that the scratch resistance of the paint increases with remarkable percentage with 

addition of NS in both fumed form and precipitate form. Here FS is for fumed NS and 

PS is for precipitated NS. 

S. Das et al. stated that by reinforcing NS in neat PU paint, its scratch resistance 

increased from 65% to 88% and abrasion resistance increased by 25%[102]. 

According to Z. Ling and L. Chungzhong et al. the scratch resistance of paint improved 

to 73.3% from 49% by inducing NS particles in to it. Moreover, the nanoparticle 

reinforced paint exhibited an excellent transmittance of 91%, pencil hardness of 3H 

and a superior hardness of nano-indentation test (HIT), which is 58.3% higher than 

pure coating[103]. Y. Wang et al. stated that the indentation depth in nano-indentation 

test decreased from 1167 nm to 1069 nm by inducing NS in the paint[104]. The NS 

particle has Si-O-Si linkage, which increases the cross-linking density of the matrix 

when reinforced into the paint matrix. This increased cross-linking density leads to 

scratch and abrasion resistance properties of the paint. 

Functionalization of NS 

Aminopropyl-triethoxy-silane (APTES) is normally used as a functionalizing agent for 

its two dimensional character, where the ethoxy groups of APTES react with hydroxyl 

groups of silica forming siloxane (Si-O-Si) linkages, and the amino group extending 

from the surface, which acts as a link of attachment with other chemicals by  

nucleophilic substitution reaction. Hence, this can be used as a substitute of aromatic 

ring. This property of APTES makes it the best reagent for NS functionalization as it 

increases the functionality of the base chemical and also increases the bonding or 

linkage capacity of nano silica[105].  

M. Mohammadi et al. stated that in this process the NS particles are added with 

APTES and dissolved in toluene or any suitable solvent and then after proper mixing, 

it is centrifuged and then dried. After drying the final product is known as the modified 
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nano-silica[106]. It can be determined from FTIR, XRD or TEM. Functionalization of 

NS can also be carried out by using bis[3- (triethoxy-silyl) propyl] tetra sulphide (Si69). 

K. Yu et al. stated that the functionalization process is governed by mixing of water 

and subsequent rapid drying with a hot gas[107].  In this process the Si69 hydrolysate 

was formed. Then it is collected in low concentration and thoroughly mixed with NS 

with the help of microinjection. Thus, resulting in increased hydrolysate grafting density 

on the surface of NS particles and dispersibilities characteristic of this functionalized 

NS increases significantly. Unmodified NS normally exhibits a strong polarity, as it has 

higher amount of silanol particle, which can easily cause agglomeration and 

inhomogeneous dispersion. Surface modification of NS particle is an efficient 

technique to increase the dispersibility and other physical and chemical 

properties[108].  Si69 is the most commonly used silane coupling agents. The 

functionalized NS formed with the help of Si69 is normally in three forms 1) particle 

silica, 2) fumed silica, 3) colloidal silica[109]. 

2.7.3 Scratch and Abrasion resistance improvement by Nano Alumina  

P. Nguyen et al. stated that alumina nanoparticles are considered as one of the best 

nano-additives used to enhance significant properties like scratch and abrasion 

resistance of the paint surface[110]. S. T. Aruna stated that nano-alumina has special 

properties like high mechanical and high thermal resistance; it is low cost and can help 

in developing super hydrophobic surfaces[111]. L. Chen et al. stated that nano-

alumina is easily available and is cost effective. Alumina nanoparticles can 

improve hardness without affecting the transparency and brightness of a composite 

coating[112]. The increase in hardness leads to increase in erosion, corrosion and 

wear resistance of the paint. S. K. Dhoke et al. stated that incorporation of nano-

alumina can improve the corrosion resistance, UV resistance, and mechanical 

properties without affecting optical clarity of the paint[113]. Incorporation of nano-

alumina particles into the polymer matrix enhances the anti-scratch and mar property. 

Alumina and silica nanoparticles were found to enhance the glass transition 

temperature of paints by hindering the mobility of macromolecular chains at the 

interface around the nanoparticles. S. K. Dhoke et al. have taken three different wt.% 

of nano-alumina additives i.e., 0.1, 0.2 and 0.3 wt.%. From the results it was observed 

that, the mechanical properties increased gradually with increase in additive wt.%. O. 
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M. Yusori et al. has taken four different wt.% of nano-alumina i.e., 0.25%, 0.5%, 0.75% 

and 1%. The flexural properties were found to increase by 7% by addition of 0.25% 

nano-alumina. But further increase in additive decreased the flexural property due to 

agglomeration and the same results were observed in hardness property[114]. 

The polymer matrixes used in paint industry to reinforce nano-alumina are PU, epoxy, 

acrylic and alkyds. 

Epoxy based polymer matrix: Epoxy is a thermosetting polymer applicable in various 

fields due to its significant properties like excellent chemical and solvent resistance 

properties, toughness, low shrinkage, resistance to corrosion, and improved 

mechanical properties. But this resin also has some drawbacks like polar properties 

and having high surface energy, which makes its application limited and also 

unsuitable for anti-fouling, self-cleaning and water proof coatings. To develop the 

super hydrophobic epoxy paint, nano-alumina was applied to the epoxy coating by bi-

layer method, where the nano-alumina particle suspension was deposited or sprayed 

on the neat epoxy paint. The nano-alumina particle used has size range from 5-15 

nm[114]. 

PU-based polymer matrix: PU-based polymer paint has significant characteristics 

like toughness and flexibility, excellent chemical and solvent resistance, good 

adhesion and good thermal properties. S. K. Dhoke et al. stated that nano-alumina is 

a harder material and by adding it into the PU matrix, the hardness and mar resistance 

of the coating surface increases significantly. Nano-alumina particles are incorporated 

into the PU matrix either by ultrasonic probe dispersion process or high-speed stirring 

process. The particle size ranges from 20-60 nm[113]. 

Acrylic based polymer matrix: Acrylic based polymer is normally used as water 

proof paints. This paint has special characteristics like, excellent hydrophobicity, good 

thermal properties and mechanical properties. R. Zhang et al. stated that by adding 

nano-alumina particles of 4-60 nm size, the microstructure and macrostructure 

changes, which leads to excellent scratch resistance properties. The method used for 

nano-alumina insertion is high speed stirring, in-situ polymerization and ultrasonic 

dispersion[115]. 
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Alkyd based polymer matrix: Alkyd is a polyester resin derived from polyols and 

organic acids. These are used for paints varnishes and moulds for casting. By adding 

nano-alumina of size 30-300 nm range the corrosion resistance, UV resistance and 

mechanical properties are found to be improved. The nanoparticles are added to the 

polymer matrix by sol-gel method, in-situ polymerization or ultrasonication process. 

Nanoparticles normally give their best properties, when functionalized properly.  In 

most of the studies the alumina nanoparticles are functionalized with the help of silane 

coupling agents. W. Shatty et. al. stated that nano-alumina particles can be 

functionalized with the help of stearic acid, and the coating layer obtained by using this 

functionalized nano-alumina becomes super hydrophobic having contact angle around 

130 °[116]. The use of highly branched carboxylic acids in functionalization of alumina 

nanoparticles, leads to the increase in water contact angle of the paint surface up to 

155 °[113]. 

According to F. Ahmad et al. hardness of alumina on the Mohs scale is 9, so it is a 

relatively harder material and mostly used to maximize the hardness properties of 

paints[117]. S. Said et al.. have stated that the fire resistance of paint could increase 

tremendously by incorporating nano-alumina particles in the paint matrix[118]. From 

this study it was found that, the nano-alumina reinforced paint can withstand 

temperature up to 800 °C for 2 hrs. in the furnace and the fire resistance increase is 

about 45%.  
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                   Fig 2.7.e: Synthesis of Nano-alumina through sol-gel method.  

Alumina nanoparticles can be synthesized by many techniques like ball milling, sol-

gel process, pyrolysis, sputtering, hydrothermal, and laser ablation. Among them, the 

laser ablation and sol-gel process are widely used technique for the synthesis of 

nanoparticles. From the Fig. 2.7.e it was found that, the oxime modified aluminium 

isopropoxide precursors are undergone through hydrolysis and condensation process 

to form sol. Then, it is aged to form the gel and then washed and dried to form ligands. 

These ligands undergo sintering process to produce aluminium nanoparticles[119]. 

Alumina nanoparticles are functionalized by using either toluene or 2-propanol. S. 

Swain et al.. Stated that nano-alumina can be functionalized by the carboxylation 

process, in which nano-alumina particles are added with stearic acid and then refluxed 

with either toluene or 2-propanol, then centrifuged, washed and dried to get the 

functionalized nano-alumina particles[120].  The extent of functionalization can be 

obtained by the Thermogravimetric analysis (TGA) curves.  
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Fig 2.7.f:  TGA analysis of (a) Non functionalized alumina; functionalized alumina 

particles: (b) Al-Tl (c) Al-P and (d) Pure stearic acid. Copy rights reserved from 

ELSVIER[120]. 

From the Fig. 2.7.f it was found that, the temperature range taken was 1000 °C. The 

toluene and propanol functionalized alumina nanoparticles started to lose weight at 

around 400 °C and 300 °C, respectively.  This starting temperature range of weight 

loss temperature is very high in comparison to pure stearic acid. From the TGA curve 

it was found that, stearic acid incorporation in alumina is 14% for Al-T and 22% for Al-

P. Thus, it was found that 2-propanol is the better option to get nano-alumina to be 

functionalized. From the study it was found that, by infusion of nano-additive like 

alumina or silica, there is significant increase of thermal as well mechanical properties 

of paint. From the study it was found that the tensile strength of PU matrix is increased 

around 50% and 41% by infusing 1wt.% of nano-alumina and NS respectively. But the 

nanoparticles addition more than 3 wt.% causes agglomeration[121]. 
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Fig 2.7.g: Variation of tensile strength with nano particle concentration. Copy rights 

taken from Research gate[120]. 

From the Fig. 2.7.g it was found that the tensile strength of the matrix increases 

continuously with increase in concentration of nanoparticles up to a yield point. But 

after that with addition of nanoparticles the tensile strength decreases. In this study it 

was found that the NS particles have a better tensile strength at lower concentration 

(from 0.1 wt.% to 0.5 wt.%), in comparison to nano-alumina at the same concentration, 

but above 1 wt.% of nanoparticle addition nano-alumina has higher tensile strength 

than NS. There is no agglomeration at this concentration for nano-alumina, due to its 

lower surface area in comparison to NS. With further increase in the concentration, 

there is decrease in the tensile strength value for both the composites, due to 

agglomeration of the nanoparticles in the polymer matrix. 

W. Su et al. stated that by reinforcing 0.5 wt.% of nano-alumina in to the matrix, the 

hardness increased from 1620 HV30 to 1760 HV30, the rupture strength increased from 

2135 MPa to 2728 MPa and fracture toughness increased from 11.8 to 12.95 

MPa.m1/2[122]. Alumina nanoparticles have hardness 9 in Moh ’s scale. When these 

particles are reinforced into the polymer matrix, they automatically increase the cross-
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linking density by creating a strong bond between the polymer matrix and alumina 

particles, which results in enhancement of strength and mechanical properties. This 

leads to improvement in scratch and abrasion resistance. Aluminium naturally 

generates a protective thin oxide coating which keeps the metal from making further 

contact with the environment. It is particularly useful for applications where it is 

exposed to corroding agents. 

2.7.4 Scratch and Abrasion Resistance improvement by incorporation of Zinc 

nanoparticles (Zirconia) 

 Zirconia is considered as a very good choice for UV-protection of paint and coating. 

L. F. Sturd et al. stated that zirconia nanoparticles have unique properties like 

corrosion resistant, fungus resistant, photochemical, catalytic, and bacteria resistant, 

UV resistant etc.[123]. N. Wint et al.. stated that zirconia is used as a filler material as 

well as a pigment to get the white colour in the paint[124]. Zirconia is considered as 

the stiffest material among the fillers used in paint. So, the paint containing zirconia 

has very high value of hardness compared to paints containing other nano-fillers. But 

the problem is that sometimes very high hardness causes brittleness in paint. J. 

Abenojar et al. stated that zirconia nanoparticles can develop excellent properties like 

strength, fracture toughness, wear resistance, chemical resistance, and hardness of 

a paint.  In recent researches zirconia nanoparticles are found to be corrosion inhibitor, 

so used in metal substrates to prevent corrosion. In some researches it was found that 

zirconia is both corrosion and thermal resistive[125]. Nano-scale zirconia shows 

improved mechanical characteristics and superior biocompatibility. A. Adreans et al. 

stated that Zinc is widely used as a protective coating to prevent corrosion of steel. 

Zinc is more electronegative than iron, and hence offers anodic sacrifice protection to 

steel in corrosive media[126]. It is a material of great technological importance, having 

good natural colour, high strength, transformation toughness, high chemical stability, 

excellent corrosion resisting material, and chemical and microbial resistance. 

Magnesium has very good corrosion resistive properties, so in recent studies they are 

used as protective coatings for steel. When this magnesium makes an alloy with the 

zirconia, it creates a protective paint against corrosion. Zinc-based paints are rich in 

zinc metal pigments i.e., around 90%, which creates a metallic zinc film to act as a 

barrier for outer forces and impurities and it acts as a cathodic protection layer for the 
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substrate. This type of paint is considered as the best anti corrosive paint. The main 

application of zinc-based paint is the protection of industrial units like, steel 

infrastructure, pipe lines, wind mills etc. These are also used in marine industry for 

antifouling and anti-corrosive paint in ships. 

The polymer matrixes used for zirconia nano particles reinforcement in paint industry 

are epoxy, PU, acrylic and alkyds. 

Epoxy based polymer matrix: Epoxy polymer matrix are used to prepare corrosion 

resistive coating due to its good adhesion properties. According to M. A. Atta et al. this 

has high brittleness and less crack resistance properties, which results in formation of 

micro cracks and affects the adhesion properties. The zirconia nanoparticles 

reinforced in the epoxy matrix increases the adhesion properties of the coating. It also 

increases the toughness, mechanical properties and thermal properties of the epoxy 

coating. Size of nanoparticle used in epoxy coating ranges from 10-40 nm. Sol-gel 

method is used to disperse zirconia nanoparticle into epoxy matrix[127]. 

PU based polymer matrix: PU is considered as most versatile coating material. By 

adding zirconia nanoparticles into the PU matrix, the absorption and emissivity 

coefficient of the paint increases significantly. Zirconia was added to the matrix by 

either high-speed stirring or ultrasonication process. The particle size is up to 100 

nm[128]. 

Acrylic based polymer matrix: Acrylic based matrix is normally used in protection 

coating and applied on the top layer of the paint. Zirconia nanoparticles reinforced to 

the matrix increases its transverse strength and mechanical properties. The 

reinforcement of nanoparticles in the matrix can be obtained by following methods like 

high-speed mixing and ultrasonication process. The size of the nano particle is up to 

100 nm[129]. 

Alkyd based polymer matrix: Alkyds have broad range of commercial application. L. 

Hammad et al. stated that when nanoparticles are incorporated into the alkyd resin, 

they enhance the paint characteristics. If zirconia nanoparticles are added into the 

alkyd resin, they significantly increase the catalyst and corrosion resistance of the 
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matrix. The particle size is around 1-2 μm and is added to the polymer matrix by high-

speed dispersion process[130]. 

Fig 2.7.h: Synthesis of zinc oxide nano particles. 

Fig. 2.7.h shows the synthesis of zirconia nanoparticles. There is a number of 

synthesis processes to produce zirconia nanoparticles such as sol-gel method, vapor 

phase method, pyrolysis, spray pyrolysis, hydrolysis, hydrothermal, and microwave 

plasma. However, these methods have many drawbacks like complicated procedures, 

high reaction temperature, extended reaction time, toxic reagents and by-products and 

high cost of production. Senthilkumar and co-workers have studied about the 

synthesis of zirconia nanoparticles in a new process[131]. In their work 0.1 M zinc 

nitrate is taken as the precursor, which is dissolved in distilled water and stirred for 10 

mins. Then extract of a particular leaf i.e., Tectona grandis (L) is added to the 

precursor, which acts as reducing agent and the stirring continues at 60-90 ºC. When 

a yellow colour paste is obtained, it is dried at 400 ºC for 2 hrs. to get the zirconia 

nanoparticles[131]. 

R. Suriano et al. stated that by reinforcing zirconia nanoparticles in hybrid coatings 

synthesized from sol-gel method, the pencil hardness increased from F to 4H for glass 

substrate and 6B to HB for polycarbonate substrate. Maximum indentation decreased 
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from 155 nm to 31 nm[132]. P. F. He et al. stated that the scratch resistance of zirconia 

reinforced paint was increased by 38.6% in comparison to the non-reinforced paint, 

which proves that zirconia nanoparticles play a great role in enhancing the scratch and 

abrasion resistance of a paint124]. When zirconia nanoparticles are reinforced in a 

polymer matrix, they create a bond with the polymer matrix which acts as protective 

layer against the mechanical damages. This results in improvement in scratch and 

abrasion resistance. At room temperature zirconium exhibits a hexagonally close-

packed crystal structure, α-Zr, which changes to β-Zr, a body-centered cubic crystal 

structure, at 863 °C. Zirconium exists in the β-phase until the melting point. It has an 

exceptional fracture toughness and chemical resistance, especially in its cubic form. 

These properties make it useful as a thermal barrier in paints. B. S. Hadavand et al. 

have taken three different wt.% of zirconia nanoparticles in paint application i.e., 0.1%, 

0.3% and 0.5%. From the all the analysis it was observed that the optimum result was 

found at 0.5 wt.%. When the nanoparticle amount was increased above 0.5%  

agglomeration and reduction in properties of the paint was observed[134]. 

2.7.5 Titanium dioxide particles reinforced paint 

S. B. Torun et al.. stated that antimony trioxide along with titanium dioxide acts as a 

fire retardant in paint[135]. N. S.  Allen et al. have studied about photochemical 

characteristics of titanium dioxide known as titania in common[136]. One study is 

about the use of photo-catalytic property of titania to convert hazardous organic waste 

products into environment friendly materials. Another study is about enhancing the 

durability of paint or coating by controlling the photo catalytic activity of titania. D. 

Kocaefe et al. stated that the water contact angle and degree of penetration of acrylic 

PU paint increases with reinforcement of titania nanoparticles as it increases the 

degree of orientation of the paint[137].  Photocatalytic titania nanoparticles are used 

in the development of self-cleaning paints and microbiological surfaces. Its 

photocatalytic process in water is effective against a wide range of organisms, such 

as algae, viruses, fungi and bacteria. Titania nanoparticles have high refractive index, 

exceptional chemical resistance and strong UV absorption capacity, so this is used in 

mostly photocatalytic applications[136]. 
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The polymer matrixes normally used in paint industry are epoxy, PU, acrylic and 

alkyds. 

Epoxy based polymer matrix: Epoxy is considered as one of the most versatile 

coating materials for its specific properties like chemical resistance, low cost and 

mechanical properties. But due to its faster curing process, a number of micro-pores 

and cracks are observed in the coating. L. Ying et al. stated that when titania 

nanoparticles of size 17-50 nm are added into the matrix enhancement of mechanical 

properties and corrosion resistance properties are observed. Titania nanoparticles are 

added in sol-gel method into the polymer matrix[138]. 

PU-based polymer matrix: Titania nanoparticles when added to PU matrix 

mechanical properties, thermal properties, weather resistance and antimicrobial 

properties increase significantly. T. V. Nguyen et al. stated that the titania 

nanoparticles used as additives are of size 40-50 nm and added by ultrasonication 

process[139]. 

Acrylic based polymer matrix: Waterborne acrylic resin is widely used in paint 

industry for its excellent comprehensive properties. But it has poor UV resistance and 

water resistance properties. To overcome these shortcomings, acrylic paint is modified 

with nanoparticles. Bin. Du et al. stated that among the nanoparticles, nano-titania  are 

used for their significant properties like, UV absorbance and photocatalytic activity, 

self-cleaning properties and non-toxicity. These are added to the acrylic resin by 

dispersion method. Size of the nano particleused is 20-50 nm[140]. 

Alkyd based polymer matrix: Alkyd resins are oil-based polyesters mostly used in 

expensive exterior paints. According to A. Grozdanov et al. by adding titania 

nanoparticles of around 21 nm size by high-speed dispersion method the water 

resistance and corrosion resistance of the paint increases significantly[141]. 
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                                       Fig 2.7.i: Atomic structure of Rutile and Anatase titania 

Normally the titania particles are divided into two categories i.e., rutile and anatase 

according to their chemical structure, which is shown in Fig. 2.7.i. T. Luttrell et al. 

studied those organic pollutants are effectively decomposed by photo catalysis 

process and titania is the best suitable material used as photo catalyst[142]. There are 

number of methods to synthesize titania nanoparticles i.e., co-precipitation, flame 

hydrolysis, impregnation, chemical vapour deposition, etc. L. Uon et al. stated that 

among all methods sol-gel process is the most widely used one for its high potential 

to control the bulk and surface properties. Since this method is carried out in solution, 

homogeneity, grain size, particle morphology and porosity could be maintained 

uniformly. The sol-gel route is considered as very promising one for the synthesis of 

ultra-fine metallic oxide[143]. M. C. F. Karlsson et al.. Studied that titania is used as 

the pigment for white colour. Most of the white pigments used are now days are 

developed from rutile. But the production of titania pigment needs large amount of 

carbon. So, he developed some method to recover it from the waste paint, which is 

described in Fig. 2.7.j[144]. 
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Fig 2.7.j: Process to recycle the titania pigment from waste paint 

Haider et al. stated that, titania has very unique properties like photo catalytic, anti-

bacterial, self-cleaning etc. for which it is used in paints as a pigment. Normally titania 

is doped with other suitable materials and then used in the paints. Most of the 

characteristics of titania depends on the crystal structure, size and shape of the 

particle. The band gap of titania particles determines the photo catalytic property of 

the particle[145]. 

Samsudin et al. stated that organic pollutants including reactive dyes can be effectively 

decomposed by photo catalysis process and titanium dioxide is one of the best 

photocatalytic agent[146]. B. Ohtani et al.. stated that titania is less toxic, greater 

oxidizing ability, and gives longer photo stability in comparison to other 

photocatalysts[147]. J. Byrne et al.. stated that titania occurs naturally as rutile, 

anatase and brookite. Among these phases, anatase has been proven to be the best 

one for photo catalytic activity[148]. 

P. F. He et al. stated that by incorporating titania nanoparticles into the paint matrix, 

scratch depth decreased from 1500 nm to 550 nm. P. K. Jaseela et al. stated that by 

reinforcing titania into a paint, the corrosion resistance is increased by 98%[149]. 

Titania is photochemical in nature, which helps to destroy the organic contaminants 

with sun light. This leads to extremely wear resistive polymer coating and increases 
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the mechanical properties of the paint. Titania particles reinforced polymers are 

characterized by very high tensile strength at high temperatures, light weight, high 

corrosion resistance, and ability to withstand extreme temperatures. Titanium is as 

strong as steel but 45% lighter. This metal forms a passive but protective oxide coating 

when exposed to elevated temperatures in air but at room temperatures it resists 

tarnishing. These properties make titania an excellent additive for scratch and 

abrasion resistance improvement. The transmittance of the titania reinforced paints 

increases with increasing titania content from 0.5 wt.% to 4.5 wt.%. This may be 

caused by the aggregation degree of composite particles in system due to the addition 

of titania nanoparticles. However, when 6.5 wt.% nano-titania is incorporated into the 

paints, the transmittance decreases sharply to less than that of bare glass[150]. 

Effect of Different Nano particle additives and their influence 

Table 2.d: Influence of different nanoparticles[150] 

Nanoparticle Effect Application 

Nano-Silica Improved scratch resistance and 
optical properties, stabilizes the 
paint, increase in wettability 

Construction, Paint, 
Coating 

Nano-Alumina Improved scratch resistance and 
optical properties, stabilizes the 
paint, increase in wettability 

Automotive, information 
and communication, 

parquet flooring, 
consumer goods 
(furniture), optics 

Nano-Zirconia Automotive, information and 
communication, parquet flooring, 
consumer goods (furniture), optics 

Construction, wood 
preservation, glass, 

plastics, paints 

Nano-Titania Removal of grease, dirt, algae, 
bacteria, fungi, odorants and 
pollutants, transformation of NOx 
and ozone from the atmosphere 
into harmless compounds 

Construction, road 
surface, vehicles, wood 

preservation, glass, paints 
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2.8. Paint Spraying Technology 

Automobile body is made of different materials like metals, plastics, composites etc. 

e.g the car body and door are made of steel but the rear part is made up of plastics. 

When we apply the same paint on different parts of automobile body the colour slightly 

differs after drying, because the plastic parts have less heat absorption capacity than 

others. To overcome these problem two different types of spraying technologies are 

used. For metal part normally electrostatic spraying technology and for plastic part 

conventional spraying technology are used[151]. 

In recent studies there used a wide variety of paint spraying technology, which 

depends on several factors like; desired finish quality, transfer efficiency, speed of 

spray gun, paint quality and shape of the substrate, which is shown in Fig. 2.8.a[151]. 

 

                              Fig 2.8.a: Types of spray technology 

2.8.1 Conventional spraying Technology/ Air spray Technology  

A conventional spray gun is the oldest system of paint spraying discovered in 

1920s[152]. In the air spray process a low-pressure stream of fluid mixes with 

compressed air and atomize the paint particles at the air cap in a controlled manner. 

It is normally used for the low viscosity materials. The major components required for 
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conventional spray are, fluid nozzle, fluid needle, air cap and retaining ring, trigger, 

adjustment knob, fluid inlet, air inlet, gun body, compressed air supply etc.[153]. 

Advantages: Conventional spray has two basic advantages over the other spraying 

processes. 

1.  This is one of the most controlled spray processes. A properly trained operator can 

create a spray pattern from very small dot like pattern to very large-scale paint 

application. In this type of spraying the degree of atomization can be controlled there 

is no need of changing the air gun for every paint spraying. 

2. It is also one of the most versatile processes, as it covers a very wide range of 

coating material. 

Disadvantages: Conventional air spray has also some disadvantages like, lower 

transfer efficiency, more wastage of paint material and higher consumption of energy. 

How the System Works 

In the conventional spraying process as described in Fig. 2.8.b first the air spray gun 

was connected to the air compressor. Then the paint material is poured inside the air 

gun.  Then the fluid paint material then mixes with the air pressure and when the air 

gun is triggered, the paint comes through the fluid nozzle of the gun in the form of 

liquid streams. This liquid stream of paint gets deposited on the substrate and makes 

a coating on it[152]. 
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Fig 2.8.b: Schematic Diagram of Conventional Sprayer 

2.8.2 Rotary Bell Electrostatic Spraying Technology/Airless Spray Technology  

Airless spray is the method of paint spraying where atomization of paint occurs without 

using compressed air. In this process the paint is discharged forcefully in very high 

pressure through a small opening called orifice. While coming from the orifice the paint 

breaks down to form a particular pattern, this process are called atomization[154]. 

Advantages of Airless Spray: Airless spray has the following advantages[155] 

1. Less overspray means less wastage of paint 

2. More transfer efficiency i.e., around 60-90%. 

3. We can get a thicker coat in single. 

4. As the pressure is very high in this process, we can atomize highly viscous 

materials without costly solvent reduction. 

5. Faster in production 

6. Good penetration can be achieved 

Two adjustments are also very much required in airless spray painting i.e., material 

viscosity and the system pressure.  Normally the paint with lower viscosity is preferred, 

as it gives very fine atomization and the pressure is adjusted to a lower value to get 

the best type of paint. 
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In Electrostatic spraying process an electric charge is given to the paint to make it 

activate and coat properly all over the substrate in a very clean and efficient way[156]. 

Electrostatic paint was first discovered in early 1950s. According to Joel et al.. it 

significantly increases the transfer efficiency of the paint[157]. As shown in Fig. 2.8.c, 

the concept of airless spray is that the fast-moving high-pressure liquid stream 

provides the energy required to overcome the paint’s viscosity and surface tension 

and creates a very fine spray.  Then this fluid comes through the orifice and emerges 

as solid stream at very high speed. When the solid stream comes in contact with air, 

it breaks into fragments and, then ultimately becomes very small droplets, which forms 

the spray pattern[157]. 

 

Fig 2.8.c: Electrostatic spraying technology. 

In electrostatic spraying technology, a charging electrode is present at the tip of the 

orifice. This electrode receives an electrical charge from a power supply.  When the 

paint passes through the orifice, it comes in contact with the electrode, which makes 

it ionized. Thus, an electrostatic field is created between the electrode and the 

grounded substrate, which is neutral. The negatively charged paint particles are 

attracted to the neutral ground substrate. After the paint has been deposited on the 

substrate, the charge returns back to power supply through ground by completing an 
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electrical circuit. Due to presence of electric field the paint coats homogeneously 

throughout the substrate[156]. 

High-speed rotary bell atomizers are normally used to spray the paint on the metal 

body to get very high quality of product. This process is a very effective process giving 

a highly uniform film thickness and very less transfer efficiency, because it has 

additional electrostatic field which helps the droplet go towards the target. The 

functionality of rotary-bell atomization is shown in Fig. 2.8.d. 

 

                                           Fig 2.8.d: Schematic diagram of rotary bell sprayer 
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Chapter 3 

3.1 Materials 

3.1.1 Castor Oil:  

Castor Oil (CO) is one of the most abundantly available vegetable oil, which is 

applicable in various fields. The chemical structure of CO is represented in Fig. 3.1.a 

It has triglycerides around 85-90% and unsaturated fatty acids, which forms a number 

of reactive sites for chemical modification. In the experiment, CO was procured from 

M/s Merck Chemicals Pvt.  Ltd, Kochi, India. Table 3.1.a depicts the chemical and 

physical properties of CO whereas the major compositions of CO are summarized in 

Table 3.1.b 

 

Fig. 3.1.a: Chemical structure of Castor oil 

Table 3.1.a: Properties of CO 

Characteristics Specifications 

Chemical Formula C57H104O9 

Molar mass 930 g/mol 

Hydroxyl value 170 

Acid value 2 
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Colour Pale yellow 

Refractive Index 1.47-1.14 

Density 0.9 g/cm3 

Oxidative stability 25 min 

 

Table 3.1.b: Composition of CO 

Compositions Average % 

Ricinoleic acid 90 

Linoleic acid 4.1 

Oleic acid 2.8 

Stearic acid 1.2 

Palmitic acid  1.3 

Others 0.7 

3.1.2: Nano-silica (NS):  

Silica, is an oxide of silicon with the chemical formula SiO2, most commonly found in 

nature as quartz, sand, and in various living organisms. Silica is one of the most 

complex and most abundant families of materials, existing as a compound of several 

minerals and as a synthetic product. Notable examples include fused quartz, fumed 

silica, silica gel, opal and aerogels. Silica in nano-scale is known as NS, which has 

significant mechanical, thermal and optical properties. It is also used as a filler material 

and incorporated in the matrix, to obtain enhanced characteristic properties. It is used 

https://en.wikipedia.org/wiki/Oxide
https://en.wikipedia.org/wiki/Silicon
https://en.wikipedia.org/wiki/Chemical_formula
https://en.wikipedia.org/wiki/Quartz
https://en.wikipedia.org/wiki/Fused_quartz
https://en.wikipedia.org/wiki/Fumed_silica
https://en.wikipedia.org/wiki/Fumed_silica
https://en.wikipedia.org/wiki/Silica_gel
https://en.wikipedia.org/wiki/Opal
https://en.wikipedia.org/wiki/Aerogel
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in structural materials, microelectronics (as an electrical insulator), and as 

components in the food and pharmaceutical industries. NS used in the current study 

was procured from M/s Sigma Aldrich Pvt. Ltd., Bengaluru. Chemical structure and 

physical properties of NS are described in Fig. 3.1.b and Table 3.1.c respectively. It 

was incorporated as a filler material in the paint and sealer matrix. 

 

Fig. 3.1.b: Chemical structure of NS 

Table 3.1.c: Properties of NS 

Characteristics Specification 

Particle size 75 nm 

Chemical formula SiO2 

Molar mass 59.96 g/mol 

Density 2.4 g/cm3 

Melting point 1600 ºC 

Boiling point 2230 ºC 

 

 

https://en.wikipedia.org/wiki/Insulator_(electricity)
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3.1.3 Isophorone Diisocyanate (IPDI):  

Isophorone diisocyanate is an aliphatic isocyanate which are used in special 

applications, such as coatings, that are resistant to abrasion and degradation. These 

properties are particularly desirable for the exterior painting. IPDI exists in two 

stereoisomers, cis and trans having similar reactivity properties. IPDI in the current 

study was used as curing agent and was procured from M/s Sigma Aldrich Pvt. Ltd., 

Bengaluru. The chemical structure and physical properties of IPDI are depicted in Fig. 

3.1.c and Table 3.1.d respectively. 

 

Fig. 3.1.c: Chemical structure of IPDI 

Table 3.1.d: Properties of IPDI 

Characteristics Specification 

Chemical formula C12H18N2O2 

Molar mass 222 g/mol 

Density 1.06 g/cm3 

Melting point -60 ºC 

Boiling point 158 ºC 

 



75 

 

3.1.4 Hydrogen peroxide (H2O2):  

H2O2 is the simplest kind of peroxide available having an oxygen-oxygen single bond. 

It is a colourless liquid and is used in aqueous solution for safety reasons. It acts as 

a bleaching agent and is also used as a disinfectant. Concentrated H2O2 is a very 

reactive oxygen species and is used as a propellant in rocketry. In the current study 

H2O2 was used as a catalyst during epoxidation of CO and was procured from M/s 

NICE Pvt. Ltd., Kochi. Fig. 3.1.d shows the chemical structure and Table 3.1.e reveals 

the physical properties of it. 

 

Fig. 3.1.d: Chemical structure of H2O2 

Table 3.1.e: Properties of H2O2 

Characteristics Specification 

Chemical formula H2O2 

Molecular weight 34 g/mol 

Density 1.45 g/cm3 

Boiling point 152 ºC 

Melting point -0.43 ºC 
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3.1.5 Formic acid (HCOOH):  

Formic acid, also known as methanoic acid, is the simplest carboxylic acid, and has 

the chemical formula HCOOH. It is an important intermediate in chemical synthesis 

and occurs naturally, most notably in some ants. In the current study, HCOOH acts as 

an oxidizing agent in the epoxidation process. It was procured from M/s Merck 

chemicals Pvt. Ltd., Mumbai. Chemical structure and physical properties of HCOOH 

are depicted in Fig. 3.1.e and Table 3.1.f respectively. 

 

Fig. 3.1.e: Chemical structure of HCOOH 

Table 3.1.f: Properties of HCOOH 

Characteristics Specification 

Chemical formula HCOOH 

Molecular weight 46 g/mol 

Density 1.22 g/cm3 

Boiling point 100 ºC 

Viscosity 1.57cP 
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3.1.6 Sodium bicarbonate (NaHCO3):  

NaHCO3, commonly known as baking soda or bicarbonate of soda, is a salt composed 

of a sodium cation and a bicarbonate anion. NaHCO3 is a white solid that is crystalline, 

but often appears as a fine powder. It is used to neutralize the acidity of reaction 

mixture during epoxidation process. In the current investigation NaHCO3 was procured 

from M/s CDH Pvt. Ltd., New Delhi. Fig. 3.1.f and Table 3.1.g shows the chemical 

structure and physical properties of NaHCO3. 

 

                                               Fig. 3.1.f: Chemical structure of NaHCO3 

Table 3.1.g: Properties of NaHCO3 

Characteristics Specification 

Chemical formula NaHCO3 

Molecular mass 84 g/mol 

Density 2.2 g/cm3 

3.1.7 Ammonia solution (NH4OH):  

Ammonia solution, also known as ammonia water, ammonium hydroxide, aqua 

ammonia, aqueous ammonia, or ammonia. It is a solution of ammonia in 

water. NH4OH can be used as a precursor to some alkyl amines. It was added to 

neutralize the acidity of the solution mixture during epoxidation process. For the 

current study NH4OH was purchased from M/s Research-Lab Fine Chem Industries 

https://en.wikipedia.org/wiki/Alkyl
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Pvt. Ltd., Mumbai. Fig. 3.1.g shows the chemical structure and Table 3.1.h describes 

the physical properties of NH4OH. 

 

 

Fig.3.1.g Chemical structure of NH4OH 

Table 3.1.h: Properties of NH4OH 

Characteristics Specification 

Chemical formula NH4OH 

Molecular weight 35 g/mol 

Density 0.88 g/cm3 

Melting point -91 ºC 

Boiling point 37 ºC 

3.1.8 Sodium Methoxide:  

Sodium methoxide is a chemical compound with the formula CH₃ONa. This white 

solid, which is formed by the deprotonation of methanol, is a widely used reagent in 

industry and the laboratory. It is also a dangerously caustic base. For the current work 

CH3ONa was procured from M/s Avra Synthesis Pvt. Ltd., Hyderabad. The chemical 

structure and physical properties are shown in Fig. 3.1.h and Table 3.1.i respectively. 
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Fig.3.1.h: Chemical structure of Sodium methoxide 

Table 3.1.i: Properties of Sodium methoxide 

Characteristic Specification 

Chemical formula CH3NaO 

Molecular weight 54 g/mol 

Melting point 127 ºC 

Boiling point 350 ºC 

3.1.9 Methanol:  

Methanol, also known as methyl alcohol, amongst other names, is considered as the 

simplest form of alcohol, with the formula CH₃OH. It is a light, volatile, colourless, 

flammable liquid with a distinctive alcoholic odour and was procured from M/s NICE 

Chemicals Pvt. Ltd., Kochi. Fig. 3.1.i and Table 3.1.j shows the chemical structure and 

physical properties of CH3OH. 
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Fig.3.1.i: Chemical structure of Methanol 

Table 3.1.j: Properties of Methanol 

Characteristic Specification 

Chemical formula CH3OH 

Molecular weight 32 g/mol 

Density 0.79 g/cm3 

Melting point -97 ºC 

3.1.10 Hydroquinone:  

Hydroquinone, also known as benzene-1,4-diol or quinol, is an aromatic organic 

compound that comes under phenol group. It is a derivative of benzene, having the 

chemical formula C₆H₄(OH)₂. It has two hydroxyl groups bonded to a benzene ring in 

a para position. It acts as polymerization inhibitor to control the chemical reaction 

during acrylation of CO. It is a white granular solid and in case of the current study, it 

was purchased from M/s NICE chemicals Pvt. Ltd., Kochi. The chemical structure and 

physical properties of hydroquinone are described in Fig. 3.1.j and Table 3.1.k. 
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Fig. 3.1.j: Chemical structure of Hydroquinone 

Table 3.1.k: Properties of hydroquinone 

Characteristics Specification 

Chemical formula C6H6O2 

Molar mass 110.11 g/mol 

Boiling point 286 ºC 

  

3.1.11 Acrylic acid:  

Acrylic acid (IUPAC: propenoic acid) is an organic compound with the formula 

CH2=CHCOOH. It is the simplest unsaturated carboxylic acid, consisting of a vinyl 

group connected directly to a carboxylic acid terminus. This colourless liquid has a 

characteristic acrid or tart smell. It is used to produce acrylic-ester based resins, which 

can be used in adhesive and coating industries. In this current study acrylic acid was 

procured from M/s Sigma Aldrich Pvt. Ltd., Bengaluru. Fig. 3.1.k and Table 3.1.l show 

the chemical structure and physical properties of CH2=CHCOOH. 
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Fig. 3.1.k: Chemical structure of acrylic acid 

Table 3.1.l: Properties of Acrylic acid 

Characteristics Specifications 

Chemical formula C3H4O2 

Molar mass 72 g/mol 

Density 1.05 g/cm3 

Boiling point 141 ºC 

3.1.12 Tryphenyl phosphine: 

 Triphenylphosphine is a common organophosphorus compound with the formula 

P(C₆H₅) ₃. It is abbreviated as PPh₃ or Ph₃P and is widely used in the synthesis of 

organic and organometallic compounds. It is a colourless crystal which is relatively 

stable in air. It was purchased from M/s Research-Lab Fine-Chem Industries, Mumbai. 

In this study it was used as a reducing agent during acrylation process. The chemical 

structure and physical properties of PPh3 are depicted in Fig. 3.1.l and Table 3.1.m 

respectively. 
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Fig.3.1.l: Chemical structure of Triphenyl phosphene 

Table 3.1.m: Properties of Triphenyl phosphene 

Characteristic Specification 

Chemical formula C18H15P 

Molar mass 262.29 g/mol 

Density 1.1 g/cm3 

Boiling point 377 ºC 

3.1.13 p-Toluene sulphonyl isocyanate (TSI):  

TSI undergoes palladium-catalyzed bis-allylation reaction with allylstannanes and allyl 

chlorides. TSI has been used to determine the hydroxyl value of polyols using Fourier 

transform infrared (FTIR) spectroscopy method. It was procured from M/s Sigma 

Aldrich, Pvt. Ltd., Bengaluru for its use in the current study. Fig. 3.1.m and Table 3.1.n 

show the chemical structure and physical properties of TSI. 
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Fig.3.1.m: Chemical structure of TSI 

Table 3.1.n: Properties of TSI 

Characteristic Specification 

Chemical formula CH3C6H4SO2NCO 

Molar mass 197.21 g/mol 

Density 1.29 g/cm3 

Refractive index 1.54 

Boiling point 144 ºC 

3.1.14 1-Nonanol:  

1-Nonanol is a straight chain fatty alcohol with nine carbon atoms with molecular 

formula is CH₃(CH₂)₈OH. It is a colourless oily liquid with a citrus odour similar to 

citronella oil. The primary use of 1-nonanol is in the manufacture of artificial lemon oil. 

Nonan-1-ol is a fatty alcohol consisting of a hydroxy function at C-1 of an unbranched 

saturated chain of nine carbon atoms. In this study it is used to synthesize the reaction 

mixture for polyol to determine the hydroxyl value through FTIR spectra. Fig. 3.1.n and 

Table 3.1.o show the chemical structure and physical properties of 1-nonanol. It was 

procured from M/s Research Lab Fine Chem. Pvt. Ltd., Mumbai. 
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Fig. 3.1.n: Chemical structure of 1-nonanol 

Table 3.1.o: Properties of 1-nonanol 

Characteristics Specification 

Chemical formula C9H20O 

Molar mass 144 g/mol 

Density 0.827 g/cm3 

Boiling point 214 ºC 

Solubility in water 0.13 g/L 

3.1.15 Aminopropyl triethoxy silane (APTES):  

APTES is an amino-based silane coupling agent, frequently used in the process of 

silanization, and the functionalization of surfaces with alkoxysilane molecules. It can 

also be used for covalent attaching of organic films to metal oxides such as silica and 

titania. In this current study, it was procured from M/s TCI Chemicals Pvt. Ltd., Tokyo. 

The chemical structure and physical properties of APTES are depicted in Fig. 3.1.o 

and Table 3.1.p. 
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Fig. 3.1.o: Chemical structure of APTES 

Table 3.1.p: Properties of APTES 

Characteristic Specification 

Chemical formula C9H23NO3Si 

Molar mass 221g/mol 

Density 0.94g/cm3 

Boiling point 217ºC 

3.1.16 Triallyl isocyanurate (TI):  

TI has an unique feature having an acrylic group attached with the isocyanate, which 

helps in single-step surface modification of nanoparticles. It was procured from M/s 

TCI Chemicals, Pvt. Ltd., Tokyo for its use in the current work. Fig. 3.1.p and Table 

3.1.q describe the chemical structure and physical properties of TI. 
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Fig. 3.1.p: Chemical structure of TI 

Table 3.1.q: Properties of TI 

Characteristics Specification 

Chemical formula C12H15N3O3 

Molar mass 249 g/mol 

Density 1.15 g/cm3 

Boiling point 312 ºC 

 

3.1.17 EPOFINE 1556:  

EPOFINE 1556 is an epoxy, that comes under Bisphenol-A group. It is a reactive 

prepolymer containing epoxide group. It has significant properties like resistance to 

heat, chemicals, and corrosion, higher tensile, compression, and bend strength and 

can be applicable as an adhesive to most of the materials. It is applicable in various 

fields like coatings, adhesives, electronics, electrical insulators etc. This product is 

recommended for room temperature curing or low temperature baking. It is a clear and 

colourless liquid, which is stored at room temperature. It was procured from FINE 
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FINISH ORGANICS Pvt. Ltd., Mumbai. The chemical structure and physical properties 

of EPOFINE 1556 are shown in Fig. 3.1.q and Table 3.1.r respectively.  

 

Fig. 3.1.q: Chemical structure of EPOFINE 1556 

Table 3.1.r: Physical properties of EPOFINE 1556 

Characteristics Specification 

Viscosity at 25 °C 9000-11000 mPa-s 

Epoxy content 185-192 g/eq 

Density at 25 °C 1.15-2.0 g/cc 

Flash point >200 °C 

Storage life 3 years 

3.1.18 FINEHARD 3486:  

FINEHARD 3486 is an amine group epoxy hardener. Epoxy resin in general comes in 

two parts i.e., one epoxy resin part and another epoxy curing agent part, which is 

known as hardener. It reacts with epoxy group of the resin, resulting in a thermoset 

hard material. Epoxy hardeners are normally amine based. In this study FINEHARD 

3486 was procured from FINE FINISH ORGANICS Pvt. Ltd., Mumbai. Its chemical 

structure and physical properties are shown in Fig. 3.1.r and Table 3.1.s respectively. 

Mixing ratio i.e., resin: hardener employed in the study was 100:34 
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Fig. 3.1.r: Chemical structure of FINEHARD 3486 

Table 3.1.s: Physical properties of FINEHARD 3486 

Characteristics Specification 

Visual Colourless to pale yellow liquid 

Viscosity at 25 °C ˂50 mPa-s 

Flash point >123 °C 

Density at 25 °C 0.94-0.95 g/cc 

Storage life 1 year 
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3.1.19 Solvent and additional materials used 

Table 3.1.t: Solvents and Additional materials 

Material name Chemical 
formula 

Procured from 

AR-grade Ethanol C2H5OH M/s NICE Pvt. Ltd., Kochi 

AR-grade Xylene C8H10 M/s Merck Chemicals Pvt. Ltd., Mumbai 

AR-grade Toluene C7H8 M/s NICE Pvt. Ltd., Kochi 

AR-grade 
Dimethylformamide (DMF) 

C3H7NO M/s NICE Pvt. Ltd. Kochi 

AR-grade Acetone C3H6O M/s NICE Pvt. Ltd. Kochi 

Automobile primer  M/s Soniac Co. Pvt. Ltd., Gujarat 

80, 400, 600, 1200, 2000 
grit sand paper 

 Phulwari paints Pvt. Ltd., Bhubaneswar, 
India 

Polyurethane based 
commercial Automobile 

base coat (BC) 

 Phulwari paints Pvt. Ltd., Bhubaneswar, 
India 

Polyurethane based 
commercial Automobile 

Clear coat (CP) 

HOSTASPARM GREEN 
(Titanium based colour 

pigment) (TP) 

 Phulwari paints Pvt. Ltd., Bhubaneswar, 
India 

 

Clariant Pvt. Ltd., Australia 
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3.2 Experimental Methods  

3.2.1 Synthesis of bio-based Automobile base coat derived from CO, 

incorporated with NS and TP 

(a) Epoxidation of CO 

As reported by A. Sardari et al.[158], 100 g of CO was taken in a three-necked round-

bottom flask immersed in oil bath attached to both nitrogen atmosphere and 

condenser. At 45 ºC, the solution was stirred with a magnetic stirrer to which H2O2 was 

added drop-wise in a molar ratio of H2O2 and CO of 1.8: 1. HCOOH was added 

afterwards at a molar ratio of 1:1 with H2O2. The reaction was continued for 5 hrs. and 

then, NH4OH and NaHCO3 were added to the solution to neutralize the acidity. The 

reaction mixture was then washed twice with ethanol and purified in a rotary 

evaporator. The resultant solution was derived as epoxidized CO (ECO). The reaction 

mechanism is described in scheme 3.2.1.a 

 

 

Scheme 3.2.1.a: Synthesis of Epoxidised Castor oil 
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(b) Functionalization of NS with APTES: 

NS was functionalized with APTES using the following procedure. First 1:1 ratio of NS 

and APTES were dissolved in toluene. The solution was then stirred at room 

temperature for 12 hrs, centrifuged at 3000 rpm for 10 mins. Finally, APTES 

functionalized NS was washed with ethanol twice and dried in vacuum oven at 70 ºC 

for 8 hrs. 

 

Scheme 3.2.1.b: APTES Modification of NS 

(c) Synthesis of PU-based basecoat. 

ECO was dissolved in xylene at a ratio of ECO: xylene of 1:0.5. After that IPDI was 

added to it at variable OH: NCO ratios of 1:1, 1:1.1, 1:1.2 and 1:1.3 respectively. The 

reaction temperature was maintained at 45 ºC and the synthesis was carried out for 2 

hrs. The whole process was undertaken in nitrogen atmosphere, connected with a 

condenser. Among the PU synthesized, the OH: NCO ratio of 1:1.2 was optimized 

based on the cross-cut adhesion properties. This ratio was taken for further study with 

NS as reinforcement.  

 



93 

 

(d) Synthesis of PU-based basecoat reinforced with NS 

APTES functionalized NS was incorporated into the paint at different weight % ranging 

from 0.5 wt.% to 1.5 wt.% and was examined for its performance characteristics. The 

PU matrix with 0.5 wt.% NS was optimized based on scratch resistance and adhesion 

properties. TP was added in different wt.% i.e., 0.1 wt.%, 0.2 wt.%, and 0.3 wt.%. Paint 

formulation with 0.5 wt.% NS and 0.2 wt.% TP was the final optimized composition. 

The NS particles and pigment particles were dispersed in xylene solvent and stirred 

for 12 hours, then was immersed in the polyol, which results in proper homogenization. 

The chemical reactions that occur during the synthesis process are shown in scheme 

3.2.1.c and the paint compositions are depicted in Table 3.2.a. 

 

Scheme 3.2.1.c: Synthesis of PU-based base coat incorporated with NS. 
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Table 3.2.a: Paint composition 

Paint sample Polyol 

(g) 

OH:NCO NS 

(wt%) 

DBTDL 

0.02wt

% (g) 

Pigment 

(wt%) 

Dry to 

touch time 

(min) 

Complete 

dry time 

(min) 

PU1 20 1:1 0 0.004 0 90±10 3900±8 

PU2 20 1:1.1 0 0.004 0 65±7 3120±5 

PU3 20 1:1.2 0 0.004 0 50±2 2800±5 

PU4 20 1:1.3 0 0.004 0 45±3 2500±4 

PU3NS1 20 1;1.2 0.5 0.004 0 40±2 2300±6 

PU3NS2 20 1:1.2 1 0.004 0 38±2 2150±5 

PU3NS3 20 1:1.2 1.5 0.004 0 33±4 1900±6 

PU3NS1TP1 20 1:1.2 0.5 0.004 0 37±3 2050±5 

PU3NS1TP2 20 1:1.2 0.5 0.004 0 32±2 1800±3 

PU3NS1TP3 20 1:1.2 0.5 0.004 0 30±5 1720±4 

BC 20 - - - - 60±2 2880±5 
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3.2.2 Synthesis of Bio-based Automobile Clear coat derived from 

Acrylated Transesterified Epoxidized CO, incorporated with NS. 

(a) Transesterification of ECO: 

50 g of ECO was placed in a round-bottomed, three-necked flask under nitrogen 

atmosphere connected to a condenser and a magnetic stirrer at 50 ºC. 1 wt.% of 

CH3ONa was dissolved in 15 ml of CH3OH. The solution mixture was added to the 

ECO and stirred for 40 mins. Which was subsequently washed twice with ethanol and 

the impurities and unused methanol were removed from the sample by a rotary 

evaporator to obtain transesterified ECO (TECO) [12]. The reaction mechanism is 

described in scheme 3.2.2.a 

 

Scheme 3.2.2.a: Synthesis of TECO 
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(b) Acrylation of Transesterified Epoxidised CO: 

At 60 ºC, 50 g of TECO was placed in a round-bottomed, three-necked flask equipped 

with a nitrogen atmosphere, condenser, and magnetic stirrer.10 g of acrylic acid was 

added to the solution. Then, at 75 ºC, 0.5 wt.% of hydroquinone was added and stirred 

for 20 mins. Subsequently, at 60 ºC, 4 g of triphenylphosphene was added and stirred 

for 1 hr. After that, an additional 8 g of acrylic acid was added to the solution mixture 

and stirred for another 1 hr at 60 ºC. The solution was dissolved in diethyl ether and 

washed. The product was extracted by removing the solvent and other impurities with 

a rotary evaporator to obtain acrylated TECO (ATECO) [12]. The reaction scheme is 

shown in 3.2.2.b. 

 

Scheme 3.2.2.b: Synthesis of Acrylated transesterified epoxidized castor oil 
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(c) TI Modification of NS:  

NS was initially pre-dried in a vacuum oven at 110 ºC for 24 hrs. Then it was sonicated 

in toluene by ultrasonicator (M/s ANTECH, USA). The solution was then taken in a 

round bottom flask attached to condenser and nitrogen atmosphere and was stirred in 

a magnetic stirrer. TI was added to the solution mixture at NS: TI ratio 1: 0.8 and 

DBTDL was added as catalyst. The resultant solution was then centrifuged and 

washed for purification. The solution mixture was subsequently dried in a vacuum oven 

for 8 hrs. at 70 ºC to get the modified NS particles[159]. The reaction scheme is 

described in 3.2.2.c. 

 

Scheme 3.2.2.c: TI Modification of NS 

(d) Synthesis of clear coat formulations:  

Acrylic-PU-based clear coat was synthesized by using both TECO and ATECO as 

polyols and IPDI as a curing agent with a resin to xylene solvent ratio of 1:0.4. DBTDL 

was taken as the catalyst. Three different compositions of paint formulations were 

synthesized with OH: NCO ratio of 1: 0.9, 1: 1, and 1: 1.1 for both the polyols, and the 

paint formulation with an OH: NCO ratio of 1:1 using ATECO was optimized by the 
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adhesion tape test. TI-NS was added to the optimized paint formulations at different 

wt.% of 0.5 wt.%, 1 wt.%, and 1.5 wt.%, respectively. The paint formulation with 

ATECO, OH: NCO ratio of 1:1 and NS wt.% of 0.5 wt.% was optimized by the adhesion 

tape test. 

The compositions of various formulations developed in the current study and the 

curing times of paint formulations are enumerated in Table 3.2.b. 

Synthesis of acrylic polyurethane based clear coat has been described in scheme 

3.2.2.d. 
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Scheme 3.2.2.d: Synthesis of TI-NS reinforced acrylic-PU-based Clear coat 
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Table 3.2.b: Composition of various formulations developed 

Sl. 
No. 

Paint 
sample  

Polyol 
Name 

Polyol  
taken 
(g) 

OH:NCO DBTDL 

(0.02%)g 

NS (%) Dry to 
touch 

(min) 

Complete 
dry(min) 

1 CP                                                                                                                        - - - - - 35±2               1800±3 

2 PUi TECO 20.3               1:0.9          0.004 0 68±3                      2900±5                                 

 PUii TECO 20.7                 1:1        0.004 0 52±2                      2460±3 

 PUiii TECO 20.4                 1:1.1      0.004 0 45±4                      2130±5 

3 PUiiNS1 TECO 20.7                 1:1    0.004 0.5 39±5                     1910±3 

 PUiiNS2 TECO 20.7                1:1      0.004 1   35±6                  1800±6 

 PUiiNS3 TECO 20.7                1:1       0.004 1.5             32±2                 1675±5    

4 PU1 ATECO 20.2                  1:0.9    0.004 0 60±3                      2880±5                 

 PU2 ATECO 20.8                  1:1     0.004 0 48±2                       2400±4 

 PU3 ATECO 20 1:1.1     0.004 0 40±3                       2100±6 

5 PU2NS1 ATECO 20.8 1:1     0.004 0.5 36±3                1860±4 

 PU2NS2 ATECO 20.8                 1:1     0.004 1 33±5                 1740±7         

 PU2NS3 ATECO 20.8 1:1    0.004 1.5          31±4               1620±5 
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3.2. Synthesis of Epoxy-PU blend incorporated with NS: Applicable 

as Automobile Sealer 

(a) Synthesis of Epoxy-PU blend: 

EPOFINE 1556 was blended with ATECO with various EPOFINE: ATECO ratios such 

as; 100:0, 80:20, and 60:40 and the blend were referred as EP1, EP2, and EP3 

respectively. Amine based epoxy hardener FINEHARD 3684 was added to the 

solution mixture at epoxy: hardener ratio of 100:34. The blended mixture was then 

poured into a mould of 180x180x3 mm size and cured at room temperature. The 

blends were optimized by using impact test and the Epoxy-PU blend of composition 

epoxy: PU ratio of 80: 20 (EP2) was optimized. 

(b) Synthesis of Epoxy-PU/ Silica nanocomposite. 

In the previous work TI-NS at 0.5 wt.% was optimized based on its characteristic 

properties. Hence, during sealer synthesis this composition of TI-NS was incorporated 

into the optimized Epoxy-PU, referred as EP2NS to enhance the characteristic 

properties of the sealer. The reaction mechanism is shown in scheme 3.2.3 and the 

sealer compositions are described in Table 3.2.c 
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Scheme 3.2.3: Synthesis of Epoxy-PU/NS nano composite-based Sealer 

Table 3.2.2: Sealer compositions 

Sealer compositions Epoxy: PU ratio NS wt.% Curing time 
(mins) 

EP1 100: 0 0 1440±5 

EP2 80: 20 0 1520±4 

EP3 60: 40 0 1590±5 

EP2NS 80: 20 0.5 wt.% 1380±3 
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3.3 Characterization 

3.3.1 Physical properties 

3.3.1.1 Hydroxyl value calculation:  

Hydroxyl value is defined as the number of milligrams of potassium hydroxide (KOH) 

required to neutralise one gram equivalent of polymer material. It also measures the 

number of free hydroxyl groups present in a chemical structure. Hydroxyl value helps 

to determine stoichiometry of a chemical structure, as well as it can determine the 

equivalent weight and molecular weight of a chemical structure. Hydroxyl value can 

be calculated by following ASTM D 6342-12 method.            

         

2ml of sample was taken

5ml of 1-nonanol was added

2ml of Sample solution 2ml of Sample solution

Add 5ml of 1-nonanol Add 5ml of  1-nonanol and p-toluene sulfonyl

diisocyanate mixer

FTIR of blank (AB )
FTIR of solution (AS) 

Differential Spectrum (AS-AB) 

Measure peak between1780-1690 cm-1

Convert peak area to hydroxyl value
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The hydroxyl value was calculated using the following Equation (3.3.1.a) 

OH value = (𝑆 × 𝐴 − 𝐵) × (𝑉2 + 𝑉3) × (
𝑉1

𝑉2
) × (

1

𝑊
) × (

388.9

1000
)----------------(3.3.1.a) 

Where     S = Slope of the calibration curve 

               B = Intercept of calibration curve 

              A = Integrated intensity between 1780-1690 cm-1 

             V1 = Initial volume of the sample taken 

               V2 = Volume taken first from the initial solution 

              V3 = Volume of nonanol/TSI solution added 

              W = Weight of the sample 

              388.9 = OH value of 1-nonanol 

3.3.1.2 Acid value:  

Acid value is the mass of KOH in mg to neutralise the free fatty acids of one gram of 

chemical substance. Acid value is an important indicator in oxidation of oil. Higher acid 

value results in more oxidising value, which is hazardous to health. Hence, a lower 

acid value is expected in an ideal oil. It was calculated following DIN EN ISO 

2114:2002-06 standards. In this standard first a solvent was prepared by adding two 

parts of toluene with one part of ethanol. Following the standard for acid value between 

0-5, the sample taken was 16 g. and solvent was 150 ml. Titration of blank and sample 

mixed with solvent was carried out. From the titration results, acid value can be 

calculated following the given Equation (3.3.1.b); 

                      Acid value = [56.1 × 𝑁 × (𝑉𝑏 − 𝑉𝑒𝑞)]/𝑊----------------(3.3.1.b) 

Where,   N = Normality 

               Vb = Volume equivalent in blank 

               Veq= Volume equivalent of solution 
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                W = Weight of the sample 

3.3.1.3 Amine value:  

Amine value is the number of milligrams of KOH equivalent to the fatty amine basicity 

in 1 g of sample. Amine value of the polyols can be calculated by volumetric titration 

process. 2 g of polyol sample was dissolved in isopropanol. This solution was then 

titrated by using 0.5 N HCl. Amine value was calculated by following the Equation 

(3.3.1.c) 

𝐴𝑚𝑖𝑛𝑒 𝑣𝑎𝑙𝑢𝑒 =
56.1×𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐻𝐶𝑙×𝑁 𝑜𝑓 𝐻𝐶𝑙

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒
--------------(3.3.1.c) 

3.3.1.4 Non-volatile content:  

The synthesized polyols were first weighed and then put in a vacuum oven for 48 hrs. 

and the weight of the polyols was measured again. The non-volatile content of the 

polyols can be derived from the Equation (3.3.1.d); 

Non-volatile content (%) =  
𝑊𝑖−𝑊𝑓

𝑊𝑖
× 100-------------------(3.3.1.d) 

Where,      Wi = Initial weight 

                  Wf = Final weight 

3.3.1.5 Viscosity:  

Viscosity (ƞ) is defined as the measure of resistance of a liquid or gas sample to 

change in movement or shape. It is inversely proportional to fluidity of a sample. 

Dynamic viscosity is the constant that is derived by dividing shear stress to shear strain 

at constant temperature. It can be measured by following the Equation (3.3.1.e). Unit 

for viscosity is Pascal-second (Pa-s). 

ƞ= [𝐹𝑜𝑟𝑐𝑒𝑋𝑡𝑖𝑚𝑒]/𝐴𝑟𝑒𝑎---------------(3.3.1.e) 

Viscosity of the polyols ECO, TECO, and ATECO was measured using Parallel-plate 

viscometer from M/s Thermofisher Scientific, Germany under shear rate of 500 Pa/s. 

The test was conducted at room temperature at constant shear rate.  
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3.3.1.6 Equivalent weight:  

Equivalent weight is defined as the amount of substance required to react with other 

fixed amount of substance in a particular chemical reaction. 

Equivalent weight can be derived by using the Equations (3.3.1.f) and (3.3.1.g); 

𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑃𝑜𝑙𝑦𝑜𝑙 =
56100

𝑂𝐻 𝑣𝑎𝑙𝑢𝑒
-----------------(3.3.1.f) 

𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐼𝑠𝑜𝑐𝑦𝑎𝑛𝑎𝑡𝑒 =
4200

𝑁𝐶𝑂 𝑐𝑜𝑛𝑡𝑒𝑛𝑡
------------------(3.3.1.g) 

3.3.1.7 Flash point:  

Flash point is the minimum temperature at which a liquid gives off vapor within a test 

vessel in a sufficient concentration to form an ignitable mixture with the air near the 

surface of the liquid. The lower the flash point, the easier it is to ignite a liquid solvent. 

The flashpoint of each polyol sample was determined in accordance with ASTM D92-

12b, by the Cleveland open cup COC method. 70 ml of each oil sample was poured 

into an open test cup, which was placed on a hotplate. A thermometer was immersed 

gently into each of the polyol samples while gradually regulating the heat from the 

hotplate. A test flame was passed across the open cup containing the samples at 

regular interval. A blue flame ignition with the vapour of the oil sample indicated the 

flashpoint of that sample under test. The flashpoint of each of the oil samples was read 

and recorded. 

3.3.1.8 Water contact angle (WCA):  

The water contact angle test can give an idea regarding the wettability of a surface. 

The contact angle is the angle where a liquid–vapor interface meets a solid surface. It 

depends on the hydrophobicity and surface energy of the surface. 

The contact angle of commercial automobile base coat, synthesized base coat 

samples, commercial automobile clear coat, synthesized acrylic-PU-based clear 

coats, epoxy, blends and nanocomposites were measured at room temperature using 

sessile drop method using Apex Instruments, Germany. In sessile drop method, a 

small drop of water was placed on the substrate. A CCD camera with inbuilt zoom lens 
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makes a close inspection and measures the angle of contact between the water 

droplet and surface of the substrate. Deionized water was taken as the testing liquid. 

3.3.1.9 Grafting %:  

The grafting percentage is used to observe the effect of modification on NS. The 

weight of NS before and after modification is measured (W1 is the weight of NS 

modified, and W2 is the weight of NS before modification). The percentage grafting of 

the reaction is calculated by using Equation (3.3.1.h):  

Grafting % = ([𝑊1 − 𝑊2]/𝑊1) x 100 -----------------------(3.3.1.h) 

3.3.1.10 Ethanol and water solubility:  

NS before and after modification were weighed and placed in different beakers. After 

that deionized water and ethanol were added to different beakers which was dispersed 

for 30 mins in an ultrasonicator to observe the precipitation of NS in water.  

3.3.2 Structural properties 

3.3.2.1 Fourier Transform infrared (FTIR) Spectroscopy:  

FTIR Spectroscopy provides specific information about reactions. When IR radiation 

is passed through a sample, some radiation is absorbed by the sample while some 

are transmitted. FTIR spectroscopy is an analytical methodology used to understand 

the structure of individual molecules and the composition of molecular mixtures. FTIR 

spectroscopy uses modulated, mid-infrared energy to interrogate a sample. The 

infrared light is absorbed at specific frequencies directly related to the atom-to-atom 

vibrational bond energies in the molecule. When the bond energy of the vibration and 

the energy of mid-infrared light are equivalent, the bond can absorb that energy. 

Different bonds in a molecule vibrate at different energies, and therefore absorb 

different wavelengths of the IR radiation. The position (frequency) and intensity of 

these individual absorption bands contribute to the overall spectrum, creating a 

characteristic fingerprint of the molecule. 
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FTIR analysis of polyols, synthesized and commercial base coat samples, synthesized 

and commercial clear coat samples, epoxy-PU blends and epoxy-PU nanocomposite 

was studied in a range of 4000-400 cm-1 using Nicolet 6700 spectrometer (M/s 

Thermoscientific, USA). The spectra obtained at 4 cm-1 resolution having 64 number 

of scans with standard wave range of 4000-400 cm-1. 

3.3.2.2 Hydrogen Nuclear Magnetic Resonance (1HNMR) Spectroscopy:  

 It is a process in which selective absorption of very high frequency radio waves are 

observed, which is subjected to a strong constant magnetic field. The process occurs 

near resonance when the oscillation and intrinsic frequency of the nuclei matches with 

each other. The most commonly used nuclei are 1H, 13C, and 19F.   

Proton nuclear magnetic resonance (1H NMR) spectra of polyols and paint samples 

were recorded employing deuterated chloroform (CDCl3) as solvent using JEOL 

DELTA2 500 MHz FX-1000 Spectrometer (M/s INSTRON, USA). The samples when 

subjected to magnetic field, transfers of energy occur at a radio frequency wavelength.  

3.3.3 Mechanical properties 

3.3.3.1 Cross-cut Tape test: 

Cross-cut tape test was used to measure the resistance of a paint/coating to separate 

from the substrate by using a cutting tool, that creates a right-angle lattice pattern 

penetrating all the way to the substrate. 

The adhesion and scratch resistance properties of a paint formulations were evaluated 

using cross-cut Tape test in accordance with ASTM D 3359-97 using sample size of 

50x50x3 mm mild steel plate. A cross cutter was used to draw 11 lines of 30 mm length 

within 10 mm width at equal distance on the coating surface applied on mild steel 

substrate. The same cross cutter was used to draw another 11 lines in similar manner 

in cross sectional way.  
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Then an adhesion tape of 25 mm width, semi-transparent and pressure sensitive tape 

(3M scotch tape) was pressed on the cutting surface for 1 min and then peeled 

forcefully at 180 º angle to observe the scratch resistance and adhesion properties of 

paint. The adhesion value was calculated using the Equation (3.3.3.a); 

Adhesion=(
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒𝑠 𝑎𝑡𝑡𝑎𝑐ℎ𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑎𝑑ℎ𝑒𝑠𝑖𝑜𝑛 𝑡𝑎𝑝𝑒

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑞𝑢𝑟𝑒𝑠 𝑜𝑛 𝑡ℎ𝑒 𝑐𝑜𝑎𝑡𝑒𝑑 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
× 100)%----------------(3.3.3.a) 

3.3.3.2 Lap-shear test:  

Lap-shear test can determine the ability of a material to withstand stress, where a 

shear force is moving the two joint substrates in opposite direction. It is also known as 

the failure strength of material, which can be calculated by dividing the failure load to 

bond area. A shear force is a force i.e., applied on a surface in opposite directions. 

The SI unit of shear force is N/mm2 or MPa. The shear stress is a significant 

characteristic in a material to determine its structural integrity. 

In the current study, BC, bio-based base coats, CP, bio-based clear coats, EP-PU 

blend, and EP-PU blend nanocomposites were subjected to Lap shear test in 

accordance with ASTM D 1002 using a Universal Testing Machine (M/s Instron, UK). 

The paints applied on a steel bar of 12.7 mm length and another bar was overlapped 

through this length to join the two bars after which it was kept for complete drying. 

Subsequently, Lap shear test was carried out at a load of 10 mm/min. The stress-

strain curve obtained from the test was evaluated for the ability of the material to 

withstand the stress. The test was carried out at a standard laboratory condition of 

temperature of 23±2 °C and 55% RH. 

3.3.3.3 Abrasion resistance test:  

Abrasion resistance test determines the ability to withstand external impact forces of 

a material as well as it also can gives an idea about the quality, toughness, and 

durability of a material. In other words, the objective of this test is to observe the ability 

of the material to withstand the wear and tear friction caused by continuous rubbing or 

scratching at same place. 

The abrasion resistance test for the coated samples of 110x110x3 mm size were 
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carried out at a load of 500 g using abrading wheels CS10 for 500 cycles in a Taber 

Abrasion Resistance Tester (M/s Taber Model 530 Abrader, USA) in accordance with 

ASTM D 1044-08. The results were evaluated from the weight loss of test disc induced 

by the abrading wheels. Three consecutive tests were carried out for each sample to 

determine the abrasion resistance. 

3.3.3.4 Pencil Hardness test:  

It is the simplest form of hardness test and is also known as wolf-wilborn test. In this 

method the 14 ° of graphite pencil ranging from 6B to 6H are used to determine the 

hardness of a coating sample. 

The pencil hardness of the paint formulations was determined at room temperature 

following ASTM D 3363-05 method. Wood was removed up to 5-6mm from the pencil 

tip and sharpened with 400 grit sand paper. The pencils used are stroked at 45 º 

angles up to 3mm in length with a grade ranging from 6H to 6B. 

3.3.3.5 Nano-indentation test:  

Nanoindentation test is used to measure various mechanical properties like, hardness, 

viscoelasticity, and elastic modulus of a material. The parameters required in this test 

are loading force and indentation depth. It is used to characterize microhardness and 

viscoelasticity of packaging thin films, cutting tool alloys, and coatings. In this test the 

surface of the sample taken is plain, thus the surface roughness plays in measure role 

in determining the contact depth.  

 A UMIS Nanoindentation system using a UMIS Nanoindentation system (M/s Frsher-

cripps, Australia) with a Berkovich indenter of tip radius 150 nm and face angle of 63.5 

° was used to determine the hardness (H) and elastic modulus (E′) and displacement 

of PU2, PU2NS1 and commercial coatings. Maximum load applied was 10 mN and at 

least 10 indentations were carried out for each specimen at different position and the 

average value was reported. Oliver and Pharr method was used to determine the H 

and E′ values using Equations. (3.3.3.b) and (3.3.3.c) 
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𝐻 = 𝐹𝑚𝑎𝑥/𝐴---------------------------(3.3.3.b) 

1

𝐸𝑟
= [1 −

𝑉2

𝐸
] + [1 −

𝑉𝑖
2

𝐸𝑖
]-----------------------(3.3.3.c) 

Where, H= Hardness 

             Fmax= Maximum load applied 

             A= Projected contact area between the indentor tip and substrate 

             E= Elastic modulus of substrate 

             V2= Poisson’s ratio of substrate 

             Vi2= Poisson’s ratio of indentor tip 

             Ei= Elastic modulus of indentor tip 

             Er= Residual or effective elastic modulus 

3.3.3.6 Tensile test:  

This test can be used to measure the tensile strength, yield strength, and ductility of a 

material. In this test the sample material is gripped in both the ends in a tensile tester 

and is slowly pulled until it fractures.  

Tensile strength, tensile modulus, and elongation at break of neat epoxy, biobased 

epoxy blends and its composites having specimen dimension of 165x25x3 mm were 

analysed at a crosshead speed of 1 mm/min and a gauge length of 50 mm using 

Universal Testing Machine (M/s Instron, USA) in accordance with ASTM D 3039. 

3.3.3.7 Impact test:  

Impact test is used to determine the toughness, impact strength, and notch sensitivity 

of a material. The impact strength is calculated by dividing impact energy in joule (J) 

to the notch area. Higher impact strength leads to higher toughness of a material. This 

test helps to study the brittleness of a material as well as its resistance to sudden load. 
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Both un-notched and notched Izod impact samples of EP-PU blends and EP-PU 

nanocomposites having dimensions of 63.5 × 12.7 × 3 mm were used for impact 

testing using IT 504 Plastic Impactometer (M/s Tinius Olesan, UK) in accordance to 

ASTM D 256 employing a Notch cutter. The notch depth was kept 2.54 mm and the 

notch angle was 45 °. 

3.3.3.8 Fracture Toughness:  

Fracture toughness is defined as the resistance of a material to crack propagation 

under load. Factors affecting fracture toughness are temperature, strain rate, stress 

and ductility relationship and notch. It is also known as the critical stress intensity factor 

of a sharp crack, where the propagation of crack becomes rapid. 

In the current study, blend samples of size 30x6x3 mm were taken for single notch 

test, with initial notch length 2.54 mm using Universal Testing Machine (M/s Instron, 

USA) as per ASTM D 5045. The span length was set at 24 mm and load applied with 

a speed of 1mm/min. The critical stress intensity (KIC) can be measured by following 

Equation (3.3.3.d) and (3.3.3.e). 

𝐾𝐼𝐶 = 6𝑌𝑃/𝐵𝑊1/2-----------------------(3.3.3.d) 

𝑦 = 1.93(
𝑎

𝑊
)1/2 − 3.07 (

𝑎

𝑊
)

3

2
+ 14.53 (

𝑎

𝑊
)

5

2
− 25.11 (

𝑎

𝑊
)

7

2
+ 25.80 (

𝑎

𝑊
)9/2--------(3.3.3.e) 

Where,  a = Pre-crack length 

             P = Maximum load 

             B = Specimen Thickness 

             W = Specimen width            

The specimen strain energy release rate (GIC) can be calculated by following Equation 

(3.3.3.f) 

𝐺𝐼𝐶 =  (𝐾𝐼𝐶)
2

𝐸
− − − − − − − (3.3.3. 𝑓) 
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Where, E = Young’s Modulus 

All the mechanical characterizations were carried out at 23±2 °C temperature with 

relative humidity 55±5 %  

3.3.4 Thermal Properties 

3.3.4.1 Dynamic Mechanical Analysis (DMA):  

DMA is used to determine the characteristic properties of a material as a function of 

time, temperature, stress, and frequency. In this test a small deformation is applied on 

the sample in cyclic manner to study the storage modulus, loss modulus, and damping. 

Storage modulus shows the elastic behavior of the sample, while the ratio of storage 

modulus to loss modulus is known as tan delta (tan δ) or damping. 

DMA and cross-linking density of paint samples and sealer samples were carried out 

in a dynamic mechanical analyser (DMA Q 800, M/s TA Instruments, USA) as per 

ASTM E 5418. The samples were scanned from -50 ºC to 100 ºC  for paint samples 

and -50 °C to 140 °C for sealer samples respectively at a heating rate of 10 ºC/min. 

The storage modulus and tan delta were recorded. The cross-linking density (ϑc) can 

be calculated by using the rubber elasticity concept provided by the DMA graph. The 

following Equation (3.3.4) is used to determine the ϑc value. 

                        E’= 3RTϑc ----------------------(3.3.4) 

Where,         E’= Storage modulus 

                    R= Universal gas constant 

                    T= Absolute temperature 

3.3.4.2 Differential scanning calorimetry (DSC):  

DSC is a thermal analysis process in which heat flow of a sample is measured as 

function of temperature and time under a controlled temperature atmosphere. It is 

used to determine the glass transition temperature (Tg), melting point (Tm), degree of 
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crystallization (Tc), specific heat capacity, curing behaviour, and thermal stability of a 

material. 

DSC analysis of polyols, paint samples and sealer samples were carried out using 

DSC Q 20 equipment (M/s TA Instruments, USA) at temperature range of -50 ºC to 80 

ºC for polyols and paint samples and -50 °C to 160 °C for sealer samples respectively 

at a heating rate of 10 ºC/min.  

3.3.4.3 Thermogravimetric analysis (TGA):  

TGA is a thermal analysis process in which, the thermal stability and the volatile 

fraction present in a material is studied. The parameters, that affect the TGA study are 

weight loss at constant rise in temperature and derivative weight loss. It can be used 

to determine moisture loss, pyrolysis, solvent loss, plasticizer loss, oxidation as well 

as phase changes occur during decomposition of a material. 

Thermogravimetric analysis (TGA) analysis of polyols, paint samples and sealer 

samples were studied at temperature range of 30–600 ºC for polyols and paints and 

30-750 °C for sealer samples respectively at a heating rate of 10 ºC/min using TGA Q 

50 equipment (M/s TA Instruments, USA) as per ASTM E 1868. The corresponding 

initial and final degradation temperatures and char percent were recorded. 

3.3.5 Optical properties 

3.3.5.1 UV-visible spectra:  

UV-visible spectroscopy is based on the absorption of electromagnetic radiation in UV-

visible region, where the wavelength ranging from 200-400 nm is called UV region and 

the wavelength ranging from 400-800 nm is known as visible region. It is used to study 

the quantitation to quality control of a material. The basic principle of UV-visible 

spectra defines that, a sample is subjected to a beam of electromagnetic radiation, 

then the absorbance and transmittance of the beam was observed and studied as a 

function of radiation wavelength. 
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UV-visibility spectra of PU2 and PU2NS1 were carried out at wavelength range of 200-

800 nm using a Cary-60 UV visible spectrometer (M/s Agilent Technologies, Pvt. Ltd., 

USA) to study the absorbance and transmittance properties of the synthesized clear 

coat samples. 

3.3.5.2 Haze and Transmittance:  

Haze is defined as the degree of opaqueness of a transparent or semi-transparent thin 

film material, when a light beam passes through it. Transmittance measures the 

amount of light passes though the film material and is inversely proportional to haze. 

Haze is expressed in %, and lower haze value better transparency of a film. 

Transmittance and haze test of clear coat films of dimensions 50×50×1.5 mm was 

carried out at room temperature using a Spherical Haze meter (M/s RDM Test 

Equipment Co. Ltd., England) as per ASTM D 1003. The % of haze and transmittance 

was observed by studying three samples from each paint formulation. 

3.3.5.3 Gloss and weather resistance:  

Gloss test can be used to determine the reflective properties a material at particular 

angle based on its refractive index. A Gloss meter is used to measure the gloss of a 

surface by projecting a beam of light at fixed angle and intensity on the surface, where 

the amount of reflected light at equal but opposite direction. Weather resistance test 

determines the capability of a material to withstand harsh change in weather. A 

weatherometer enhances the property changes of a material influenced by a 

combining effect of sunlight, moisture and heat, and ultraviolet environment.   

Gloss study of paint formulations were carried out using Digital Gloss meter, SFM-115 

(M/s S. C. Dey & Co., Kolkata) at 45 º angle. Weather resistance test for paint 

formulations with dimensions 150x60x3 mm was carried out using QUV/SE equipment 

(M/s in presence of UV environment for 1200 hrs. and gloss was taken as the 

parameter to study the change in properties. 
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3.3.6 Morphological properties 

3.3.6.1 X-ray diffraction (XRD):  

XRD is a non-destructive test, which is used to determine the crystalline structure, 

lattice parameter as well as chemical composition of a material. It helps to observe the 

geometry of the molecules of a material by using X-ray beams. When an x-ray beam 

is subjected to a powder sample, the scatter intensity is measured. After the beam is 

separated, the scatter which is known as diffraction pattern, shows the crystalline 

structure of the sample. The principle followed in XRD test follows the Bragg’s law 

which is defined in the Equation (3.3.6) 

𝜆 = 2𝑑𝑠𝑖𝑛𝜃---------------------(3.3.6) 

Where,   λ = Wave length of x-ray beam 

              d = Spacing of the diffracting planes 

               θ = Angle between incident ray and diffracting plane 

XRD of ATES-NS, TI-NS, and NS were carried out using 2-θ range from 5-80 º using 

XRD- 7000 L equipment (M/s Schimadzu, Japan) as per ASTM E 1426. The 

specifications during testing were voltage 40 kV, current 30 mA, scanning speed was 

10 º/min and accuracy was 0.0002 º. 

3.3.6.2 Scanning Electron Microscopy (SEM):  

SEM uses a focused beam of electrons to scan the surface of a sample to create a 

high-resolution image, which helps to study the surface composition and topography 

of the material. This test gives high-resolution images to study surface fracture, 

contamination, corrosion, and flaws of the sample. 

SEM analysis of the paint formulations and sealer formulations mounted on a carbon 

sticker were conducted with acceleration voltage of 0.2-30 kV and magnification 5-

1,000 KX using EVO MA 15 Microscope (M/s Carl Zeiss SMT, Germany). Prior to 

analysis, the samples were sputter coated with Au/Pd mixture. 
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3.3.6.3 Transmission Electron Microscopy (TEM):  

In TEM a very high energy electron beam was subjected to the sample i.e., partially 

electron transparent and the shadow of electron was digitally recorded and viewed. It 

is used to study the morphology of very small samples in nm range.  

TEM was carried out with Accelerating voltage 200 KV, Resolution: Point: 0.194 nm, 

Lattice 0.14 nm, 5-axis eucentric goniometer stage, and Specimen tilt ±60 ° using JEM 

2100 Plus High-Resolution Transmission Electron Microscope (M/s JOEL, Japan). NS 

and TI-NS particles were first dispersed in ethanol and 2 ml of solution was taken and 

dried on a carbon-coated copper grid, subsequent to which the images were taken 

using the dried samples. The PU/NS composite film was cut into thin cross-sections 

of 100 nm range using ultramicrotomy. The thin sections were taken for TEM 

micrography.  

3.3.7 Chemical and Oil Resistance properties 

3.3.7.1 Petrol resistance:  

Paint samples along with commercial paint samples coated on mild steel sheet are 

immersed in petrol for 8 hrs. at room temperature. After that the paint sheets were 

washed thoroughly with water and dried. The change in paint surface was observed 

from optical microscopy. 

3.3.7.2 Diesel resistance:  

Paint samples along with commercial paint samples coated on mild steel substrate 

were immersed in diesel for 8 hrs. Optical microscopy was carried out to study the 

changes in paint surface. 

3.3.7.3 Engine oil resistance:  

Paint samples coated on mild steel plate was immersed in engine oil at 100 °C for 8 

hrs. After that the paint samples were thoroughly washed and dried. Optical 

microscopy was used to study the changes in paint surface after its immersion in 

engine oil. 
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3.3.7.4 Acid resistance:  

Paint samples coated on mild steel plate were taken for acid resistance test. Three 

polyethylene washers were placed on the paint surface and 2 ml of sulfuric acid 

(H2SO4) was dropped within the washer area. After 24 hrs. the paint samples were 

washed and changes in paint surface was studied. 

3.3.7.5 Alkali resistance:  

Paint formulation subjected to alkali resistance test follows the similar steps of acid 

resistance test, on the contrary in pace of H2SO4, NAOH solution is used to study the 

alkali resistance properties of paint samples. 

3.3.7.6 Solvent resistance:  

Solvent resistance test of the paint formulations was studied as per ASTM D 543-67. 

Samples of dimensions 10×10 mm size with thickness 1-3 mm. then the samples were 

immersed in four different solvents i.e., acetone, DMF, xylene and toluene for 7days. 

The weight of each sample was measured in every 24 hrs. The process was continued 

till the weight of the sample become constant in the solvent. The change in weight in 

the sample was calculated in wt.% from the following formula. 

                                                         Wt. loss % =
𝑊1−𝑊

𝑊
× 100 

Where,   W=Initial weight of sample 

                W1=Final weight of sample 

 

 

 

 

 



119 

 

 

CHAPTER 4 
 

 

 

 

 

 



120 

 

Chapter 4 

Synthesis of bio-based Automobile base coat derived from CO, 

incorporated with NS and TP 

Introduction 

Polymers are the foundation of coating industries and have applicability in many fields 

[160]. Among all the polymers used in coating industry, PU is considered as one of the 

most versatile coating material due to its specific properties such as high resistance 

to scratch and abrasion, chemical resistivity and ability to withstand the environmental 

effects [161]. In the recent trend most of the automobile paint is predominantly PU or 

acrylic based. The automobile body is first pre-treated, and then dipped in electro-

deposition tanker for e-coating. Then it is e-sanded and sealer is applied to the 

substrate. Subsequently, primer layer, base coat and clear coat are applied [53]. Base 

coat applied to the automobile body primarily constitutes of PU which are 

predominantly petro-based polyols and diisocyanates. However, with the rising global 

concerns for the use of eco-friendly materials in coating applications, there have been 

considerable research interests in moving towards alternative resources, while 

reducing the dependency on petro-based feed-stock. 

In the recent years, vegetable oil-based polymers have generated considerable 

research interests due to its unique chemical structure consisting of unsaturated fatty 

acids. These oils are renewable, cost effective and environment friendly [19]. The 

molecular structure of vegetable oils contains triglycerides and unsaturated carbon–

carbon double bonds, which can be functionalized into polyols. Functionalization 

techniques include epoxidation, hydro formylation, transesterification, amidation, 

thioene coupling etc. [162]. Oils like castor oil (CO), soybean oil, sunflower oil, linseed 

oil etc. have been extensively used as polyol for synthesis of PU [163]. Among all the 

vegetable oils, castor oil (CO) has been widely used in the synthesis of bio-based 

coatings due to its abundance and low cost. CO has around 85-90% of recinoleic acid, 

which is highly reactive [164]. The reactive hydroxyl groups can be suitably used as a 

polyol for synthesis of polymers like PU, polyamide, polyester, epoxy etc. CO also has 
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the specific properties for its use in coating application like, high viscosity and 

lubrication properties, high flash point value, and nonvolatile due to presence of 

triglycerides. However, several impediments like low thermal properties and low 

oxidative properties of CO due to presence of higher number of unsaturated fatty acids 

restrict its extensive application in different sectors. Hence, chemical modification of 

CO such as transforming the carbon double bonds of the unsaturated fatty acids to 

oxirane rings through epoxidation process increases its reactivity significantly [165]. 

Further, in order to enhance the applicability of PU coating, an in-depth analysis in 

terms of improvement of properties has been studied  by addition of various nano fillers 

like TiO2, ZnO, SiO2, Al2O3 etc. [2, 9]. Nano fillers reinforced within polymeric matrix 

results in enhancement in mechanical, thermal and chemical resistance properties of 

the coatings [167].  

In the current study, bio-based PU base coat was synthesized by employing 

epoxidized castor oil (ECO) as polyol and Isophorone diisocynate (IPDI) as the 

isocyanate. To improve the applicability of the synthesized base coat, NS particles 

were added within the PU matrix. Further, NS was surface modified with the APTES 

to achieve proper interfacial adhesion between PU and filler. TP was also added to 

the prepared paint for colouring purpose. For better assessment regarding the effect 

of NS and TP, a comparative study of properties of neat PU, PUNS and PUNSTP has 

been studied. An in-depth analysis employing, FTIR spectroscopy, SEM and XRD 

analysis in addition to mechanical, thermal and chemical resistance test have been 

reported. 
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4.1 Properties of ECO 

4.1.1 FTIR 

FTIR spectra of CO and ECO are displayed in Fig. 4.1.a 

 

Fig. 4.1.a: FTIR spectra of CO and ECO 

From Fig. 4.1.a; it is observed that the CO and ECO have –OH bond noted at 3402 

and 3434 cm-1 respectively. The spectra of –CH stretching was observed at 2906 and 

2934 cm-1 for CO and ECO respectively. Conformation of epoxidation was observed 

from the –COO bond noted at 852 cm-1 in the ECO spectra. –C=O stretching was 

observed at spectra 1701 and 1729 cm-1 respectively for CO and ECO [168].  
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4.1.2 Hydroxyl value 

Hydroxyl value of ECO can be calculated by using the graph displayed in Fig. 4.1.b 

 

Fig. 4.1.b: Integral, Intercept, and Slope value of ECO-TSI FTIR spectra 

Hydroxyl value was calculated from the carbamide ring studied on the FTIR spectra 

observed in between 1690-1780 cm-1 as shown in Fig. 4.1.b. CO procured has a given 

hydroxyl value of 170 mg/KOH. After epoxidation process, it was observed to be 208 

mg/KOH. During Epoxidation process, the unsaturated carbon-carbon double bonds 

forms the epoxide bond, resulting in increase in functionality as well as hydroxyl value 

of ECO[165]. 
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4.1.3 Acid value, Amine value, Non-volatile content, and Equivalent weight 

Table 4.1: Acid value, Amine value, Non-volatile content, and Equivalent weight of CO 

and ECO. 

Specifications Acid value 
(mgKOH/g) 

Amine value 
(mgKOH/g) 

Non-volatile 
content (%) 

Equivalent 
wt. (g/ eqv) 

CO 2 12 98.51 330 

ECO 1.75 13.09 96.30 270 

Table 4.1 reports the acid value, amine value, non-volatile content, and equivalent 

weight of CO and ECO were studied. ECO has more polar structure than CO, due to 

the formation of epoxide ring, which leads to decrease in acid value and non-volatile 

content. On the contrary, the polar structure of ECO increased its amine value in 

comparison to CO. Equivalent weight is inversely proportional to hydroxyl value. 

Hence, with increase in hydroxyl value, the equivalent weight of ECO, was observed 

to be decreased[169]. 
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4.1.4 Viscosity 

Viscosity graph is depicted in Fig. 4.1.c 

 

Fig. 4.1.c: Viscosity graph of CO and ECO 

Viscosity of CO and ECO were studied from the viscosity graph depicted in Fig. 4.1.c. 

The viscosity of ECO was observed to increase from 360 mPa-s to 428 mPa-s in 

comparison to CO. The epoxidation process results in higher entanglement of polymer 

chain, which leads to significant increase in viscosity[169]. 

4.1.5 Flash Point 

Flash point of CO was observed 240 °C, whereas after epoxidation process, the flash 

point was increased significantly to 249±5 °C. The increase in flash point occurred due 

to the presence of antioxidants in ECO. 
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4.2 Properties of APTES-NS 

4.2.1 FTIR 

FTIR spectra of APTES-NS is displayed in Fig. 4.2.a 

 

Fig. 4.2.a: FTIR spectra of APTES-NS 

FTIR of APTES functionalized NS from Fig. 4.2.a displays a Si-O-Si asymmetric bond 

noted at 1041cm-1 whereas Si-O-Si symmetric bond was noted at 803 cm-1. The 

spectra of Si-C bond was observed at 709 cm-1. The presence of APTES was 

confirmed from the peaks at characteristic vibration noted at 1573 cm-1 and 1328 cm-

1 corresponding to the amino propyl group. The C-H bond at 2950 cm-1 is due to alkyl 

chain in APTES. At 1328 cm-1 it shows –NH stretching peak while the peak 

corresponding to 1573 cm-1is due to the N-O stretching [161, 162]. 
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4.2.2 XRD 

XRD spectra of NS and APTES-NS is displayed in Fig. 4.2.b 

 

Fig. 4.2.b: XRD of (a) NS (b) APTES functionalized NS 

The XRD analysis of NS and APTES functionalized NS is displayed in Fig. 4.2.b. 

Comparing NS and APTES functionalized NS, the 2-θ value was observed at 22.35 º 

for neat NS, while for APTES functionalized NS shifted marginally to 22.6 º indicating 

increase in the interplanar distance. Also the presence of broad peaks revealed 

amorphous nature of APTES functionalized NS particles in comparison to neat NS 

[172]. From the above study it was found that there was no impurity peak in the 

spectrum and it was highly amorphous in nature. 

 

 

 



128 

 

4.3 Properties of Base coat derived from CO 

4.3.1 Optimization by Cross-cut Tape test 

Adhesion strength of paint formulations are described in Table 4.3.a 

Table 4.3.a: Adhesion strength of paint formulations 

Sample Name Adhesion (%) 

BC 84±3 

PU1 42±4 

PU2 49±3 

PU3 65±5 

PU4 59±4 

PU3NS1 88±3 

PU3NS2 83±3 

PU3NS3 78±1 

PU3NS1TP1 89±2 

PU3NS1TP2 92±3 

PU3NS1TP3 85±4 

Cross-cut tape test was performed to evaluate the effect of molar ratio of  NCO:OH  

and the incorporation of NS and TP on the adhesive strength of the paints. The results 

were shown in Table 4.3.a. BC displays an adhesive strength of 84±3%. The PU paints 

prepared at a molar ratio of 1:1 and 1.1:1 exhibited an adhesive strength of 42±4 and 
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49±3%respectively in case of PU1 and PU2. Increasing the molar ratio of NCO:OH to 

1.2:1, resulted in increased cross-linking density and H-bonding between –OH group 

ECO and –NCO of isocyanate thereby contributing in the enhancement in adhesive 

strength to 65±5% in PU3. However with additional increase of NCO to 1.3, enhanced 

the rigidity of the system which in turn resulted in decreased adhesion of the paint with 

the substrate to 59±4% in PU4. The PU paint with NCO:OH ratio 1:1 and 1.1:1 had 

very longer curing time compared to other prepared samples and their adhesion 

strength was also lower as compared to the other PU samples. On the contrary at 

NCO:OH ratio of 1.2:1 (PU3), the curing time decreased and the adhesion strength of 

the paint increased significantly. Thus the PU paint at NCO:OH molar ratio 1.2:1 was 

optimized and taken for reinforcement with NS. It is evident that incorporation of NS 

within neat PU paint at variable concentration of 0.5-1.5 wt%, resulted in enhancement 

of the adhesive strength. The paint at 0.5 wt.% of NS (PU3NS1) exhibited complete 

dispersion of nanoparticles with a significant increase in adhesion strength to the tune 

of 88±3% as compared with neat PU. However increasing the concentration of NS to 

1 wt.% (PU3NS2) resulted in agglomeration of NS in the paint which decreased the 

strength. Addition of NS to 1.5 wt.% (PU3NS3) showed higher agglomeration of NS in 

the paint which further detoriated the adhesive strength. Further, incorporating TP 

within the PU3NS1 paint showed marginal improvement in the adhesive strength. The 

paint formulation prepared at 0.5 wt.% NS and 0.2 wt.% of TP at NCO:OH ratio 1.2:1 

exhibited optimum adhesive strength of 93±2%, which was comparable with BC [173]. 
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4.3.2 FTIR: 

FTIR spectra of paint formulations are displayed in Fig. 4.3.a 

 

Fig. 4.3.a: FTIR spectra of (a) BC (b) PU3  (c) PU3NS1 (d) PU3NS1TP2 

As observed from Fig. 4.3.a, the FTIR spectra of the BC shows –NH stretching at 3365 

cm-1, while in case of PU3, PU3NS1 and PU3NS1TP2, the –NH stretching was noted at 

the 3343, 3385 and 3368 cm-1 respectively. BC shows –CH stretching bond at 2925 

cm-1while the same was observed at 2934 cm-1in the developed paint formulations. 

The peak corresponding 1720 cm-1 revealed -C=O stretching in all the samples. The 

–CH bond was observed at 1549 cm-1 in BC 1538 cm-1 in PU3 paint, 1540 cm-1 in 

PU3NS1 and 1573 cm-1 in PU3NS1TP2 respectively. Similarly –NCO stretch was found 

at 1253 cm-1 for BC while in case of the prepared paints, the peak corresponding to 

1228cm-1 revealed the –NCO stretching. Thus, it is confirmed that commercial BC 

constitutes of PU. The C-O-O bond stretching was found at 1056 cm-1 for BC which 

was observed at 1015, 1023 and 1032 cm-1 in PU3, PU3NS1 and PU3NS1P2 

respectively. The prepared samples also show another C-O-O bond corresponding to 

875, 892 and 950 cm-1 in PU3, PU3NS1 and PU3NS1TP2 respectively. Complete 
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disappearance of -NCO peak at around 2250 cm-1 for commercial paint, PU3NS1 and 

PU3NS1TP2 proved complete polymerization reaction as compared to neat PU. 

Furthermore, as evident from the spectra of PU3NS1 and PU3NS1TP2, the Si-O-Si 

stretching peak corresponding to the presence of APTES functionalized NS was 

observed at 704 cm-1 and 715 cm-1 respectively [12]. From the study it was found that 

the bond formed in neat PU and PUNS have relevant chemical bonding. With the 

incorporation of TP particles there was no applicable change in chemical bonds as 

observed from the FTIR spectra. 

4.3.3 1H-NMR Test 

1H-NMR spectra of PU3NS1TP2 is reported in Fig. 4.3.b 

 

Fig. 4.3.b: 1HNMR spectra of PU3NS1TP3 

Fig. 4.3.b depicted the 1HNMR spectra of the optimized paint sample. The peak 

observed in between 7-8 ppm showed the presence of CDCl3. The peaks observed at 

5.3, 4.15, and 3.6 corresponds to -CH2, -CH2 allyl and -CH2- vinyl group respectively. 

The peak observed at 4.1 ppm indicated the -CH2 group attached to secondary carbon. 
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The peak at 1.81 corresponds to the presence of methyl proton group. This study 

additionally confirmed the PU formation[174]. 

4.3.4 DMA and Cross-linking density 

DMA micrograph of paint samples is displayed in Fig. 4.3.c (i) and (ii) 

 

Fig. 4.3.c: (i) DMA curve of Storage modulus vs. Temperature (a) PU3 (b) PU3NS1 (c) 

PU3NS1TP2 

 



133 

 

 

Fig. 4.3.c: (ii) DMA curve of tan delta vs. Temperature (a) PU3 (b) PU3NS1 (c) 

PU3NS1TP2 

The plot of damping curve (tan delta) as a function of temperature of the paint samples 

is depicted in Fig. 4.3.c. It is observed that the all three synthesized polyurethane 

samples, i.e., PU3, PU3NS1, and PU3NS1TP2, exhibit two damping corresponding to 

the soft segment and hard segment due to phase separation. The low-temperature 

damping peak corresponds to the glass transition temperature of the soft segment 

(Tgs), whereas the higher temperature damping peak corresponds to the glass 

transition temperature of the hard segment (Tgh). Usually, the Tgs and the Tgh for 

polyurethane ranges from –50 to 120 °C wherein the negative temperature 

corresponds to the soft segment and the positive temperature corresponds to the hard 

segment [164]. However, in the present study, the Tgs for PU3, PU3NS1, and 

PU3NS1TP2 is observed at –24.5, –12.9, and 2.65 °C, respectively, whereas the Tgh is 

observed at 1.94, 6.85, and 11.23 °C, respectively. This might be due to the high 

compatibilization of hard and soft segments in the synthesized PUs. In addition, the 

higher Tgs and Tgh observed for PU3NS1TP2 indicates increased restriction of 

segmental mobility of the polyurethane chain due to higher cross-linking density 

caused by insertion of both NS and titanium-based pigment particles. The E’ falls 
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drastically near -30 to 20 °C in case of PU3NS1 and PU3NS1TP2 paints which is due to 

Tg region of soft segments. Additionally, it was noted that, a minor transition region 

corresponding to hard segment was noted at +15 to +20 °C in case of PU3NS1 and 

PU3NS1TP2. Further as observed from the graph E’ followed the following order PU ˂ 

PU3NS1TP2 ˂ PU3NS1. This behaviour confirmed the fact that incorporation of NS 

increased modulus of PU due to segmental immobilization of matrix chains at the 

interface. Additionally, addition of TP into the PU3NS1 matrix possibly leads to 

agglomeration between NS and TP, which decreased the E’. This further supports the 

results discussed in confirming higher cross-linking density formed in PU3NS1TP2. 

Cross-linking density of PU3 was calculated to be 0.16 mol/m3, which increased 

significantly to 2.08 and 2.40 mol/m3 for PU3NS1 and PU3NS1TP2 respectively. The 

increased cross-linking density value is due to the presence of NS particles which 

forms a closed network structure with the PU matrix increasing the interfacial force of 

the polymer matrix. 

4.3.5 TGA 

TGA/DTG thermogram of paint samples are displayed in Fig. 4.3.d and Table 4.3.b 
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Fig. 4.3.d: TGA/DTG Thermogram of (a) BC (b) PU3 (c) PU3NS1 (d) PU3NS1TP2 

Table 4.3.b: TGA/DTG data of Paint formulations 

Paint 
formulations 

Ti (°C) T50% (°C) Tf (°C) Char residue (%) 

BC 303 427 545 55.4 

PU3 272 393 465 0.29 

PU3NS1 283 425 545 0.63 

PU3NS1TP2 268 443 597 1.26 

TGA thermograms of BC, PU3, PU3NS1 and PU3NS1TP2 are enumerated in Fig. 4.3.d 

and the thermal parameters are displayed in Table 4.3.b. From the TGA thermograms 

it is observed that, the Ti  for BC is 303 ºC, while it is 272 ºC, 283 ºC and 268 ºC for PU3, 

PU3NS1 and PU3NS1P2 respectively. With reinforcement of NS, Ti of PU3 increased 
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due to strong interfacial force between PU and NS [175]. In case of BC, there are 

several additives and plasticizers present resulting in a higher char residue %, which 

leads to higher thermal stability of BC in comparison to synthesized paint formulations. 

From the DTG graph, it was studied that for BC there is only single decomposition of 

paint at 394 ºC, which indicates the decomposition of urethane linkage. However, in 

case of PU3 and PU3NS1 two phase changes were observed. The first one is 

decomposition of urethane linkage and urea groups in the hard segment while the 

second one at 355 ºC shows decomposition of soft segment from CO. However, when 

TP was added into the paint formulation, four phase changes are observed. First one 

at 305 ºC shows decomposition of urethane linkage, second and third one at 355 ºC 

and 427 ºC shows decomposition of soft segment of CO, while the fourth segment at 

584 ºC shows decomposition of isocyanates into carbamide and carbon dioxide. The 

char yield of PU3 is 0.29%, while for BC it is found to be 55.4% due to presence of 

number of plasticizers and additives. When NS was reinforced into the PU matrix, the 

char yield increased to 0.63% and with both NS and TP it is increased to 1.26%. This 

is due to presence of –Si-O-Si- linkage and amino group present in the APTES 

functionalized NS. The maximum degradation temperature for PU3 is 495 ºC, while at 

545 ºC, BC shows char yield. For PU3NS1 and PU3NS1TP2 the final degradation 

temperature is found to be at 547 ºC and 597 ºC respectively. 
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4.3.6 DSC 

DSC thermogram of the paint samples are reported in Fig. 4.3.e 

 

Fig. 4.3.e: DSC thermogram of paint formulations 

From the DSC thermogram depicted in Fig. 4.3.e, the glass transition (Tg) temperature 

of BC, PU3, PU3NS1, and PU3NS1TP2 was found to be 1.25. -23.5, -16.94 and -3.55 

ºC respectively. This shift in degradation temperature and Tg shows strong interaction 

between PU and NS. Hence, it may be apparent from the findings that incorporation 

of NS and pigment contributed in enhancing the thermal stability of PU [176].  
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4.3.7 Mechanical properties of BC, PU, and its paint formulations 

4.3.7.1 Lap-shear Test 

The tensile stress and Young’s modulus of BC and PU-based paint formulations is 

represented in Table 4.3.c and Fig. 4.3.f. 

 

Fig. 4.3.f: Stress-strain curve of (a) BC (b) PU3 (c) PU3NS1 (d) PU3NS1TP2 
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Table 4.3.c: Tensile stress and Young’s Modulus data of Paint formulations 

Paint 
samples 

Tensile stress 
(MPa) 

Young’s 
Modulus (MPa) 

Abrasion 
Resistance (%) 

Pencil 
Hardness 

BC 0.45±0.002 408.35±5 0.052 2H 

PU3 0.30±0.003 251.33±3 0.040 2H 

PU3NS1 0.93±0.005 782.31±6 0.024 3H 

PU3NS1TP2 1.77±0.002 1199.66±4 0.016 3H 

It was observed that the shear strength of BC was 0.45 MPa, while PU3 exhibited 

shear strength of 0.30 MPa. However, when NS particles were added to the PU matrix 

the shear strength increased to 0.93 MPa, which may be due to presence of Si-O-Si 

linkage in the NS, which increased the cross-linking density of the paint. However, 

when TP was reinforced in to the paint, the shear strength of the paint increased 

significantly to 1.77 MPa. This might be due to the titanium present in the pigment 

makes a strong interfacial bond with the paint matrix. The Young’s modulus of neat 

PU was observed to be 251.33 MPa, which is 408.35 MPa in case of BC. When NS 

particles were added to the paint matrix the modulus increased to 782.31 MPa, 

because of the similar facts of strong interaction between the PU matrix and NS. 

Conversely, for PU3NS1TP2 the modulus increased significantly to 1199.66 MPa, 

which might be due to similar facts of the presence of TP. Thus, the synergism 

between NS and TP within the PU matrix improved the mechanical properties of the 

paint over its virgin and commercial counter parts to the extent of 198.01% and 

193.87% respectively [177]. 

4.3.7.2 Pencil Hardness Test 

The pencil hardness test was carried out to evaluate the performance of paints and 

depicted in Table 4.3.c. The test results indicated that BC did not show any scratch 

when 2H grade pencil was used.  Similarly in case of PU3 paint the pencil hardness 

was 2H. While in both PU3NS1 and PU3NS1TP2 the pencil hardness additionally 
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increased to 3H. Thus, it confirms the fact that with incorporation of NS, the hardness 

of the paint surface increased. This behaviour reconfirms increased cross-linking 

density due to the formation of H-bond between the Si-OH group of NS and NH group 

of PU [178]. 

4.3.7.3 Abrasion Resistance Test 

The abrasion test results of paints reported in Table 4.3.c revealed that, the weight 

loss in the taber abrader for BC was 0.052%, which was 0.040%, 0.024% and 0.016% 

for PU3, PU3NS1 and PU3NS1TP2 respectively. This behaviour indicated higher cross-

linking density in the synthesized bio-based paints as compared with commercial 

samples. This is primarily due to presence of cycloaliphatic polyol in the CO having 

functionality of 2-2.4 with a flexible chain that enables to synthesize a cross-linked 

structure devoid of steric hindrance. Moreover, the paint with NS and NS with TP 

exhibited higher abrasion resistance. This indicated strong interfacial adhesion 

between NS and PU. Also it may be concluded that the NS forms -Si-O-Si- linkage on 

the PU substrate and the presence of TP that improved the cross-linking density 

substantially thereby increasing the abrasion resistance [179]. 

4.3.8 WCA 

Base coat is one among the under coats of automobile paint. As it is always protected 

by the clear coat and never comes in direct contact with water, so hydrophobicity is 

not a necessary parameter of this coat. The contact angle studies of the samples from 

Fig. 4.3.g revealed that, WCA is 86.48 º for BC and 77.61 º for PU3 paint. However, in 

case of PU3NS1, the WCA increased to 83.46 º, which additionally increased to 88.89 

º for PU3NS1TP2. 
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Fig. 4.3.g: Contact angle image of  (a) BC (b) PU3 (c) PU3NS1 (d) PU3NS1P2 

The WCA value for PU3NS1 and PU3NS1TP2 increased in comparison to neat PU, 

because the NS particles in the PU matrix results in increase of cross-linking density 

which forms a closed network structure, thereby increasing the hydrophobicity of the 

surface. Contact angle is a measure of the surface tension and surface energy of the 

solid on which liquid is placed. The factors that have effect on contact angle are drop 

size, surface roughness and heterogeneity of polymer matrix [180]. With increase in 

heterogeneity and surface roughness the water contact angle increases. From the 

SEM images depicted in later section it was studied that with addition of NS and NS 

with TP, the heterogeneity of the polymer matrix increased gradually which leads to 

increase in WCA for PU3NS1 and PU3NS1TP2 [178]. 
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4.3.9 SEM 

SEM micrograph of paint samples is displayed in Fig. 4.3.h 

 

Fig. 4.3.h: Cross-sectional SEM micrographs of (a) BC (b)PU3 (c) PU3NS1 (d) 

PU3NS1TP2 

SEM micrographs of the cross-section of commercial paint, PU3, PU3NS1 and 

PU3NS1TP2 is enumerated in Fig. 4.3.h. It is evident that neat PU paint has very less 

agglomeration present and the homogeneity of the film was good clearly showing the 

hard segment and soft segment as indicated in Fig. 4.3.h (b). In case of BC the SEM 

micrograph showed a number of additives present in the paint film. With incorporation 

of NS the film showed heterogeneity as indicated in Fig. 4.3.h (c). The black surface 

was for the polyurethane, while the white particles clearly dispersed in PU matrix 

indicated the NS. The micrograph also showed that there was no traceable 

agglomeration in the PU3NS1 film. However, in case of the PU3NS1TP2 paint, the 
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heterogeneity of the material was observed to be higher. This was due to presence of 

pigment particles. The dispersion of pigment particles could become more 

homogeneous by adding suitable binder material to the paint [181]. 

4.3.10 Resistance Test 

Table 4.3.d: Oil, Acid, and Alkali resistance of paint formulations 

Paint 
formulation 

Acid Alkali Petrol Diesel Engine oil 

BC Spotting No change No change Softening Softening 

PU3 Visible 
cracking 

Spotting Softening Softening 
and 
cracking 

Softening 
and peeling 

PU3NS1 Spotting No change No change Change in 
gloss 

Peeling 

PU3NS1TP3 Negligible 
spotting 

No change No change Change in 
gloss 

Change in 
gloss 

 

4.3.10.1 Acid and Alkali Resistance Test 

From the acid test result reported in Table 4.3.d, it was found that, BC exhibited 

spotting on the area that came in direct contact of acid, whereas for PU3 paint visible 

amount of cracking was observed on the area, encountered the acid. Whereas in case 

of PU3NS1 the change in property observed was a spot of little impact while, 

PU3NS1TP2 showed negligible spots on the surface. Alkali resistance test reported in 

Table 4.3.d of the painted substrates showed these following results. For BC there 

was a non-resistant impact of the base on the coated surface, but in case of PU3 very 

little spot was observed in the area interacted directly with the base. With PU3NS1 and 

PU3NS1TP2there was no evident change in the paint surface. 
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4.3.10.2 Petrol, Diesel, and Engine oil Resistance Test 

The petrol, diesel, and engine oil resistance test were also represented in Table 4.3.d. 

After immersion in petrol for 8 hrs., BC exhibited no peeling, blister and crack or 

softening with only minor changes in gloss. For PU3 very small amount of softening, 

with only minor changes in gloss was observed. However, in case of PU3NS1 and 

PU3NS1TP2 exhibited optimum performance with no observable change. Similarly, for 

diesel resistance of BC there was no peeling or blistering, while a mild softening and 

change in gloss was observed. Where as in case of PU3 significant amount of 

softening and peeling from the panel corner with change in gloss was observed. 

Conversely PU3NS1and PU3NS1TP2 paints have no peeling, softening and crack in the 

paint surface. However, in both the aforesaid paints very less change in gloss was 

observed. After the immersion of the panels in engine oil for 8 hours at 100ºC, BC 

exhibited softening and peeling with change in gloss.PU3 showed major amount of 

peeling and gloss was decreased significantly. But in case of PU3NS1there was less 

amount of softening with all other properties intact and negligible change in gloss. 

Conversely, in case of PU3NS1TP2 only spotting was observed, but no other changes 

in paint surface could be traced. 

Conclusions 

Eco-friendly base coat of automobile paint was synthesized using ECO and IPDI. With 

incorporation of NS along with TP particle the paint formulation exhibited very good 

thermal, mechanical, physico-chemical and coating properties and can be comparable 

with the properties of commercial base coat. FTIR analysis confirms the structural 

properties of the polyols, NS, and paint samples. Mechanical properties like cross-cut 

adhesion %, pencil hardness, tensile stress, and abrasion resistance % were 

significantly increased with the addition of NS and pigment particles. Furthermore, with 

incorporation of NS along with TP, thermal properties like TGA final residue %, and 

Tgs increased from 0.29% and -24.5ºC to 1.26% and 1.94ºC. XRD and SEM study 

reveals the morphological properties. From the above study it is summarized that the 

paint formulation with 0.5 wt.% NS and 0.2 wt.% TP shows optimum performance and 

can be utilized for application in automotive paint industry fulfilling many parameters. 
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Chapter 5 

Development of bio-based Clearcoat from Castor oil and chemically 

modified Nano-silica 

Introduction 

The top coat of a paint which is known as the clear coat is devoid of any pigment and 

protects the base coat from degradation[1]. The clear coat provides a protective 

coating against environmental effects, corrosion, and UV light[182]. Conventional two-

component polyurethane systems (2C-PU) have unique cross-linking chemistry and 

are bestowed with excellent outdoor durability, outstanding chemical resistance, and 

good mechanical properties[176,177]. Currently, PU-based coating materials are 

primarily prepared from petroleum-based feedstocks which affect the production 

process due to the supply chain environmental effects and cost of crude oil 

prices[185]. Vegetable oils such as castor oil, linseed oil, soybean oil, rapeseed, olive 

oil, cottonseed oil, etc. are being used  to synthesize bio-based polyols, which can be 

effectively used to make polymers in chemical industries[186]. CO as described in the 

previous chapter, is the most abundantly used vegetable oil for the synthesis of PU. It 

possesses inherent structural properties such as a carbon-carbon double bond and 

free hydroxyl groups[187], which can be suitably used to synthesize bio-derived resins 

employing varied modification techniques like epoxidation, acrylation, 

transesterification etc.. As reported by S. Sahoo et al. and G.S. Sudha et al.[30,204], 

however, complete conversion of unsaturated carbon bonds in the CO is not 

achievable during the epoxidation process. Hence, epoxidation followed by acrylation 

not only results in complete conversion but also increases the oligomerization in the 

resulting polyol, which leads to higher viscosity and limits its applicability in the coating 

industry [190]. Modification by epoxidation followed by transesterification converts 

triglycerides to monoglycerides without affecting the epoxy groups which results in the 

formation of epoxy methyl esters of the same epoxy value. These esters possess 

lower viscosities and are considered secondary components. Therefore, epoxidation 

followed by combination of transesterification and acrylation results in the desired 

polyol, applicable in the coating industry[191]. 
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Surface modification of NS with triallyl isocyanurate (TI) leads to a single-step 

modification process resulting in the homogeneity of NS in the polymer matrix. In 

comparison to other isocyanates like Toluene diisocyanate, TI does not need any pre-

treatment process with a better grafting modification[159]. 

In the previous chapter CO was epoxodized and reacted with IPDI to obtain PU. 

Additionally, CO based PU was reinforced with APTES modified NS and TP to 

synthesize a basecoat with desired coating performance. 

Based on the above study, in the current chapter a transparent PU/NS hybrid coating 

was synthesized. CO was epoxidized followed by transesterification and acrylation. 

IPDI has been used as a curing agent and DBTDL as a catalyst, with xylene as the 

solvent medium. NS was modified with TI and incorporated into the paint matrix to 

improve the interface balance with PU. Similar to the previous chapter, an in-depth 

study on the physico-mechanical, thermal, morphological, optical, oil and chemical 

resistance properties have been studied.  
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Results and Discussions 

Properties of Polyol 

5.1.1 FTIR 

The FTIR spectra of ECO, TECO, and ATECO is displayed in Fig. 5.1.a 

 

Fig. 5.1.a: FTIR spectra of ECO, TECO, and ATECO 

As discussed in chapter 4, the FTIR spectra of ECO in Fig. 5.1.a showed a peak 

corresponding to the –OH group at 3436 cm-1 which after transesterification to TECO, 

shifted to 3448 cm-1 and subsequently, after acrylation to form ATECO displayed the 

peak at 3451 cm-1. Similarly, the epoxy ring was observed at 844 cm-1 in ECO 

spectra[190]. In TECO the epoxy ring remains unaffected and was also observed in 

the same range. After transesterification the C=O band was observed to be shifted 

from 1730 to 1738 cm-1 corresponding to the ester linkage. Two additional consecutive 

bands were observed at1089 and 1164 cm-1 confirming the presence of methyl ester 

in the TECO spectra[192]. In case of ATECO spectra, the peaks corresponding to 836 

cm-1are related to the oxirane ring and showed a very small peak confirming the 
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acrylation process. A new doublet was observed at 1604 cm-1and 1456 cm-1 

confirming the presence of double bonds steaming from the acrylated group[193]. 

5.1.2 1HNMR 

The 1HNMR spectra corresponding to ECO, TECO and ATECO is enumerated in Fig. 

5.2. (a), (b), and (c) respectively 

(a)  
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(b)  

(c)  

                             Fig. 5.1.b: 1HNMR Spectra of  (a) ECO, (b) TECO and (c) ATECO 

In the NMR spectrum of ECO, the peaks between 2.81-2.95 revealed the 

characteristics of –CH protons of epoxide group, which showed its chemical structure. 
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The peak at 4.86 attributed the carbon containing hydroxyl group and the peak at 7.2 

attributed to CDCl3[190]. In case of TECO, a peak was observed at 3.56 ppm 

corresponding to the methyl ester group and signals between 4.1-4.2 ppm reveals the 

CH and CH2 hydrogens of glycerides which are dispersed confirming the formation of 

monoglyceride esters. The epoxide group shifted to 2.27 and 4.1 ppm due to presence 

of -CH2-O-C-O and -C=O of ester. The peak observed at 5.6 indicated the presence 

of triallyl proton i.e., CH2-CH-CH2[194]. After acrylation to ATECO three consecutive 

peaks were observed in between 5.1-5.50 ppm corresponding to the three acrylate 

groups. A negligible epoxide peak was observed at 2.61 ppm showing a very negligible 

amount of epoxide present due to steric hinderance. The peaks observed at 3.55 ppm 

attributed to methine proton in α position of -OH group. Another methyl proton α to 

acrylate group was observed at 4.10-4.38 ppm[195]. The peaks between 7-8 ppm 

correspond to CDCl3 in all the polyol samples. The 1HNMR spectra confirmed the 

epoxidation, transesterification, and acrylation of CO. 

5.1.3 Hydroxyl Value  

The hydroxyl value was calculated from considering the carbamide bond observed on 

the FTIR spectra formed between 1690-1780 cm-1. This particular bond between these 

wave numbers was studied and the intercepts, integral and slope of the graph were 

derived w.r.t. ECO, TECO, and ATECO 
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Fig. 5.1.c: Intercept, integral and slope calculation graph derived from (a) ECO blank 

and ECO solution (b) TECO blank and TECO solution (c) ATECO blank and ATECO 

solution. 

From the above Fig. 5.1.c and the formula described above the hydroxyl value was 

found to be 208 mg/KOH for ECO. After tranesterification process no change in epoxy 

value was observed, only additional monoglycerides and ester bond was studied in 

the spectra. The hydroxyl value thus calculated remains almost same only a slight 

change in value was studied and was found to be 203 mg/KOH. In case of ATECO 

the hydroxyl value was observed to be 233 mg/KOH. After acrylation of TECO, a 

negligible epoxy bond was found in addition with more double bonds and acrylic 

bonds. These double bonds increase the hydroxyl value of the polyol to significant 

level. 
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5.1.4 Acid value, Equivalent weight, Non-volatile Content , and Amine value 

Table 5.1.a: Acid value, Non-volatile content and Equivalent weight of ECO, TECO 

and ATECO. 

Sample name Acid value  

(mgKOH/g) 

Non-volatile 

content (%) 

Equivalent 

weight (mg) 

Amine value 

(mgKOH/g) 

ECO 1.75 96.3 270 13.09 

TECO 1.28 96 276 14.21 

ATECO 1.16 95 240 19.91 

From the Table 5.1.a, it was observed that; ECO has an acid value of 1.75 which 

decreased after transesterification (TECO) to 1.28. The density and viscosity of ECO 

is higher than the TECO, which results in more polar structure of ECO. This contributed 

to lower acid value of TECO than ECO[168]. In case of ATECO, the acid value further 

decreases to 1.16 due to addition of acrylic acids which forms acrylate bond in the 

back-bone structure of the polyol thereby making it more polar[196]. 

The amine value of ECO, TECO, and ATECO is also provided in Table 5.1.a. From 

the volumetric titration process, the amine value of ECO was found to be 13.09 

mgKOH/g, which increased to 14.21 and 19.91 mgKOH/g for TECO and ATECO 

respectively. With addition of acrylic group, the hydroxyl value of ATECO increased 

resulting in decreased acid value and equivalent weight. The decreased equivalent 

weight, lead to more consumption of curing agent in case of ATECO. Which in turn 

resulted in increased amine value. 
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5.1.5 TGA 

TGA thermogram of ECO, TECO, and ATECO is displayed in Fig. 5.1.c and Table 

5.1.b. 

 

                                   Fig. 5.1.c: TGA/DTG Thermogram of polyols 

Table 5.1.b: Thermal data of Polyols 

Sample name Ti (ºC) T50% (ºC) Tf (ºC) Char residue 
% 

ECO 192 359 558 0.12 

TECO 191 360 560 0 

ATECO 198 367 568 0 
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The TGA/DTG thermogram of the derived polyols ECO, TECO and ATECO are 

enumerated in Fig. 5.1.c and the thermal parameters are displayed in Table 5.1.b. 

From the thermogram it was found that the Ti was 192 ºC, 191 ºC and 198 ºC for ECO, 

TECO and ATECO respectively. The initial degradation temperature for ATECO 

increased due to increase in –OH value, because the –OH values influences the onset 

vitalization temperature of a polymer. ECO and TECO have almost equivalent hydroxyl 

value, which results in negligible change in Ti. The decomposition of polyols was 

studied from the DTG thermogram. In ECO the first decomposition temperature was 

observed at 53 ºC which indicates the decomposition of volatile materials. At 

temperatures 347 and 389 ºC the lower molecular weight hydrocarbons were 

decomposed and at 443 ºC higher molecular weight hydrocarbons were decomposed. 

However, in case of TECO the initial decomposition temperature where volatile 

materials decomposed was observed at 223 ºC due to presence of ester bonds. In 

case of ATECO the initial decomposition of volatile materials was observed at 145 ºC 

due to presence of lower thermally stable acrylic bonds. Degradation of lower 

molecular weight hydrocarbons was observed at 345 and 382 ºC in TECO and in case 

of ATECO, it was observed at 395 ºC. Higher molecular weight hydrocarbons 

decomposition was observed at 441 ºC and 452 ºC for TECO and ATECO respectively. 

From the above analysis it was observed that the thermal stability of ATECO is 

relatively higher than ECO and TECO which is due to increase in hydroxyl value of the 

polyol[197]. 
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5.1.6 DSC 

The DSC thermograms of polyols ECO, TECO, and ATECO are displayed in Fig. 5.1.d 

 

Fig. 5.1.d: DSC thermogram of Polyols 

Table 5.1.c: DSC analysis of Polyols 

Sample Name Tg (°C) Tm (°C) X (%) 

ECO -46.68 70.30 3.71 

TECO -45.73 70.81 3.64 

ATECO -37.43 74.73 5.12 

By analysing the DSC thermogram in Fig. 5.1.d and Table 5.1.c, the glass transition 

temperature (Tg) of ECO was observed to be at -46.68 ºC and the melting temperature 

(Tm) was observed at 70.30 ºC. In case of TECO, the Tg and Tm were observed at -
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45.73 ºC and 70.81 ºC respectively. This minor change in the glass transition and 

melting temperature value was observed in TECO due to presence of ester bonds and 

conversion of triglycerides to monoglycerides. After acrylation of TECO the 

functionality of the polyol increased significantly, which leads to increase in thermal 

stability. As a result Tg and Tm for ATECO was observed to be at -37.4 ºC and 74.73 

ºC[198]. ATECO was observed to have higher crystallinity % in comparison to TECO 

and ECO, which indicated that due to presence of higher functional groups and better 

cross-linking density in paint formulations, resulted in increased crystallinity. A single-

phase transition peak was observed during curing of polyols. ATECO was observed 

to have higher exothermic peak and enthalpy in comparison to TECO and ECO 

5.1.6 Viscosity 

The viscosity graph of ECO, TECO, and ATECO is displayed in Fig. 5.1.e 

 

Fig. 5.1.e: Viscosity graph of ECO, TECO, ATECO 

Viscosity was measured as a function of shear rate and reported in Fig. 5.1.e. In case 

of ECO, the viscosity of the polyol was found to be 428 mPa-s and this value is a little 

bit higher for polyols. After transesterification the viscosity of TECO was observed to 
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be 220 mPa-s. The decrease in viscosity occurs due to shorter monoglyceride chains 

and less entanglement. In case of ATECO, higher entanglement was observed which 

results in higher viscosity of 318 mPa-s as compared with TECO. The viscosity range 

was found to be appropriate for polyols applicable in coating industry[188]. 

5.1.8 Flash point Test 

The flash point of ECO, TECO, and ATECO is displayed in Fig. 5.1.f 

Fig. 5.1.f: 

Flash point of ECO, TECO and ATECO 

From Fig. 5.1.f, it was observed that, the flash point of castor oil normally ranges from 

230-240 ºC. The AR grade castor oil used for this work has a given flash point 240 ºC. 

It was observed that, after epoxidation process, the flash point of ECO was observed 

to be 249±5 ºC.  The increase in flash point in the modified castor oil is due to the 

presence of antioxidants. In case of TECO negligible functionality change was 

observed, which results in no appreciable change in the flash point i.e., 250±4 ºC. As 

discussed in the earlier sections, the hydroxyl value of ATECO was found to increase 

to a significant level, which in turn increased the functionality of the polyol that 

contributes to an increase in flash point value i.e., 257±7 ºC.  With higher flash point 
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value, the thermal stability of the polyol increased significantly, which can be confirmed 

from the TGA findings[199]. 

5.2 Properties of TI-NS and APTES-NS 

5.2.1 FTIR 

The FTIR spectra of NS, TI-NS, and APTES-NS is displayed in Fig. 5.2.a 

 

Fig. 5.2.a: FTIR spectra of NS, TI-NS, and APTES-NS 

From the FTIR spectra, it is evident that, neat NS, APTES functionalized NS and TI 

functionalized NS displayed a Si-O-Si asymmetric bond noted at 1048 cm-1, 1041 cm-

1 and 1054 cm-1 respectively, whereas Si-O-Si symmetric bond was noted at 800 cm-

1 for NS and 803 cm-1 in both the spectra of TI-NS and APTES-NS. The spectra of Si-

C bond were observed at 709 cm-1 in APTES-NS. The presence of APTES was 

confirmed from the peaks at characteristic vibration peak at 1573 cm-1 and 1328 cm-1 

corresponding to the aminopropyl group. The C-H bond at 2950 cm-1 is due to alkyl 

chain in APTES. At 1328 cm-1 it shows –NH stretching peak while the peak 

corresponding to 1573 cm-1 is due to the N-O stretching. At 169 5cm-1 NH2 bending 
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was observed in APTES-NS. Similar results have been reported by S. Feifelet al.[9]. 

An absorption peak was observed at 1690 cm-1 in TI-NS, which indicates fewer 

hydroxyl groups while the peak at 1456 cm-1 reveals the presence of C=N absorption. 

Similar results have been reported by X. F. Ye et. al.[159]. 

5.2.1 XRD 

XRD graph of NS, TI-NS, and APTES-NS is displayed in Fig. 5.2.b 

 

Fig 5.2.b: XRD graph of NS, TI-NS, and APTES-NS 

The XRD analysis of modified NS displayed in Fig. 5.2.b. Comparing NS, NS-APTES 

and NS-TI, the 2-theta value was observed at 22.63 °, 23.02 º, and 22.9 º indicating 

similar interplanar distance. From the above study it was found that there was no 

impurity peak in the spectrum and it was highly amorphous in nature. 

5.2.3 Grafting % 

Grafting percentage of APTES-NS was found to be 13.8% while for TI-NS it was 

observed to be 14.1%. The similar grafting percentage reveals that both the 

modification process is effective for NS. 
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5.2.4 Water and Ethanol Solubility 

(a) 

 

(b) 

 

Fig 5.2.c: (a) Water precipitation of A. TI-NS, B. APTES-NS, C. NS (b) Ethanol 

precipitation of A. TI-NS, B. APTES-NS, C. NS 

The NS particles precipitate in water and ethanol, which shows that it is very 

hydrophilic, and the amount of residual -OH groups on its surface is relatively large. In 

contrast, for modified NS there is no significant precipitation in water, which reveals 

the hydrophobicity of modified NS and the amount of residual -OH groups on the 

surface are small indicating a good modification effect. Fig. 5.2.c showed the water 

and ethanol precipitation of silica samples. 
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5.2.5 TEM 

TEM micrograph of NS and TI-NS are depicted in Fig. 5.2.d 

(a) 

 

(b) 

 

Fig. 5.2.d: TEM image of (a) NS and (b) TI-NS 

TEM analysis of NS and TI-NS were studied from Fig. 5.2.d. The TEM image showed 

that, the NS particles have an irregular spherical shape with aggregations, which is 

due to covalent bonds present in between the hydroxyl groups present in it. W. He 

reported similar results in his study[201]. On the contrary, TI-modified NS particles 

were found to have no large agglomerations, which additionally confirmed that surface 

modification of NS particles reduced the agglomeration and increased the filler 

dispersion within the polymer matrix, thereby contributing enhancement in surface and 

mechanical properties. T. Rahim et al. reported that, surface modified NS reinforced 

with BisGMA diurethane dimethacylate and triethylene glycol dimethacylate exhibited 

improved dispersion characteristics within various polymers[202]. 
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5.3 Properties of Clear coat 

5.3.1 Optimization by Cross-cut Tape Test 

Adhesion strength % of paint formulations is displayed in Table 5.3.a 

Table 5.3.a: Adhesion strength of paint formulations 

Sl. No. Paint Formulation                 Adhesion (%) 

1 CP 96±2 

2 PUi 69±4 

 PUii 74±2 

 PUiii 66±4 

3 PUiiNS1  85±3 

 PUiiNS2 79±5 

 PUiiNS3 72±6 

4 PU1 78±3 

 PU2 82±2 

 PU3 76±4 

5 PU2NS1 93±3 

 PU2NS2 89±4 

 PU2NS3 83±3 
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Cross-cut tape test was performed to evaluate the effect of the molar ratio of NCO: 

OH, and the incorporation of NS on the adhesive strength of the paints. As observed 

in Table 5.3.a, commercial paint displays an adhesive strength of 96±2%. The PU 

paint prepared at a molar ratio of 1:0.9 using TECO and ATECO as polyol exhibited 

an adhesive strength of 69±4% and 78±3% respectively. Increasing the molar ratio of 

NCO: OH to 1:1, resulted in increased cross-linking density thereby contributing in the 

enhancement in adhesive strength to 74±2% and 82±2% for PUii and PU2 respectively. 

However, an additional increase of OH: NCO to 1: 1.1, the rigidity of the system 

increased, which in turn resulted in a decrease in adhesion strength of the paint with 

the substrate. Thus, the PU paint at NCO: OH, molar ratio of 1:1 (PU2) was optimized 

and taken for reinforcement with NS. It is evident from the Table 5.3.a, that 

incorporation of NS within neat PU paint at variable concentration of 0.5-1.5 wt.%, 

resulted in enhancement of the adhesive strength. The paint at 0.5 wt.% of NS 

exhibited complete dispersion of nanoparticles, which restricted the molecular motion 

of PU chain, resulting in increased cross-linking density. This behavior contributed to 

a significant increase in adhesion strength to 85±3% and 93±3% in case of TECO and 

ATECO respectively. However, increasing the concentration of NS to 1 wt.% and 1.5 

wt.%, the interfacial interaction between the PU and nanoparticles decreased resulting 

in agglomeration of NS in the paint, which leads to a decrease in the adhesive strength 

of the paint sample. The paint formulation with OH: NCO ratio 1:1 incorporated with 

0.5 wt.% NS using ATECO as polyol (PU2NS1) exhibited optimum adhesive strength 

of 93±2%, which was comparable with the commercial clear coat. Similar results were 

reported by S. Das et al.[192]. 
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5.3.2 FTIR 

The FTIR spectra of CP, PU2, and PU2NS1 are displayed in Fig. 5.3.a 

 

Fig. 5.3.a: FTIR Spectra of (a) CP (b) PU2 (c) PU2NS1 

As observed from the Fig. 5.3.a, the FTIR spectra of the CP showed –NH stretching 

at 3366 cm-1, while in the case of PU2 and PU2NS1 the –NH stretching was noted at 

3323 and 3346 cm-1 respectively. CP shows a –CH stretching band at 2933 cm-1 while 

the same band was observed at 2922 and 2926 cm-1 in PU2 and PU2NS1 respectively. 

The peak corresponding to 1671, 1708, and 1720 cm-1 revealed -C=O stretching in 

CP, PU2, and PU2NS1 respectively. The –CH band was observed at 1556 cm-1 in CP, 

at 1532 cm-1 in PU2 paint, and at 1550 cm-1 in PU2NS1 paint. Thus, it is confirmed that 

the CP is PU-based. The C-O-O band stretching was found at 1054 cm-1 for CP which 

was observed at 1023 cm-1 in both the prepared paint formulations. Furthermore, it 

was observed from the spectra of PU2NS1, that the Si-O-Si stretching peak 

corresponding to the presence of TI functionalized NS was observed at 701 cm-1. 

Similar results have been reported by J. Martinage et al.[203]. 
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5.3.3 1HNMR 

1HNMR spectra of CP, PU2, and PU2NS1 are displayed in Fig. 5.3.b 

 

Fig. 5.3.b: 1HNMR spectra of CP, PU2, and PU2NS1 

The 1HNMR spectra of CP, PU2, and PU2NS1 are depicted in Fig. 5.3.b. The peaks at 

5.15, 4.3, and 3.2 ppm for CP, 5.2, 4.21, and 3.4 ppm for PU2, and 5.4, 4.41, and 3.5 

ppm for PU2NS1 corresponds to –CH, CH2 allyl, and –CH2– vinyl, respectively. The 

peaks at 3 and 4 ppm correspond to –CH2 adjacent to secondary C and CH2–O–C=O– 

respectively. The peak at 7.6 ppm for CP, 8 ppm for PU2, and 7.7 ppm for PU2NS1 

reveal the presence of CDCl3. The peaks corresponding to 1.9, 1.7, and 1.8 ppm 

indicate the methyl proton group for CP, PU2, and PU2NS1 respectively. Similarly, 

peaks at 4.1 and 1.4 ppm for CP, 4.09 and 1.38 ppm for PU2, and 4.11 and 1.4 ppm 

for PU2NS1  are attributed to the butylene groups linking to the carbonate group[204]. 
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5.3.4 DMA and Cross-linking Density 

DMA thermogram and thermal properties of the paint formulations are displayed in 

Fig. 5.3.c and Table 5.3.b 

 

Fig. 5.3.c: Variation of storage modulus (E’) and tan δ with the temperature of (a) PU2 

(b) PU2NS1 

Table 5.3.b: TGA, DMA, and DSC data of hybrid films 

Paint sample                                                                                                  TGA Char 
yield % at 600 
ºC 

DMA DSC Tg (ºC) 

Tgs (ºC)   E’ at 25 ºC      ϑc (mol/m3)            

CP                  5.22                                                                                                                       1.85 

PU2 0.35                                             -12.16                0.15 0.90 -17.54 

PU2NS1 1.22                                              1.65                  0.30 1.78 -2.19 
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Fig. 5.3.c and Table 5.3.b, depicted the DMA analysis of PU2 and PU2NS1. The ϑc was 

observed to increase from 0.90 to 1.78 mol/m3 with the incorporation of NS, which is 

primarily attributed to a strong interfacial bonding between PU matrix and the 

amorphous NS particles, that transfers the stress from matrix polymer to NS particles 

at the interface. Further, it may be noted that, NS particles restricts the mobility of PU 

chains resulting in higher cross-linking density and higher E’ value in the paint matrix. 

It may be noted that, the presence of NS particles lead to an increase in the E’ value 

at 25 ºC from 0.15 to 0.30 MPa. The higher cross-linking density blocks the motion of 

the molecular chain resulting in a reduction of free volume, which leads to higher Tgs 

and E’, values. The tan δ graph revealed the presence of two damping peaks i.e., the 

low-temperature damping peak corresponds to the Tgs of the soft segment and the 

higher temperature damping peak corresponds to the Tgh of the hard segment. From 

the graph, it was observed that the Tgs for PU2 and PU2NS1 were –12.16 and 1.65 °C 

respectively, whereas the Tgh was observed to be 25.29 and 34.19 °C respectively. 

This behaviour revealed increased Tgs and Tgh of PU2 in presence of NS particles, 

which confirmed increased segmental immobilization of the composite matrix at the 

interface. These findings were similar to the reports of G. G. Silvia et al.[205]. 

 

 

 

 

 

 

 

 

 

 



169 

 

5.3.5 TGA 

The TGA thermogram and thermal properties of the optimized paint formulations are 

displayed in Fig. 5.3.d and Table 5.3.b respectively. 

 

Fig. 5.3.d: DTG/TG thermograms of (a) CP (b) PU2 (c) PU2NS1 

The TGA/DTG thermograms of CP, PU2, and PU2NS1 are enumerated in Fig. 5.3.d 

and the thermal parameters are reported in Table 5.3.b. From the TGA thermograms, 

it was observed that the Ti  for CP was 332 ºC, while it is 276 ºC and 287 ºC for PU2 

and PU2NS1 respectively. PU exhibited relatively lower thermal stability due to 

presence of urethane bond. Incorporation of rigid NS particles as fillers, restricted the 

chain mobility of PU, resulting in an increased cross-linking density which forms a 

closed network structure, as reported in the earlier sections. This closed network 

structure attributed to higher thermal stability of PU in PU/NS matrix. In the case of 

CP, the decomposition peaks were observed at 333 ºC, which indicated the 

decomposition of urethane linkage, and at 457 ºC which revealed the decomposition 

of the soft segment. However, in the case of PU2 and PU2NS1, two and three-phase 

changes were observed respectively. The first peak is attributed to the decomposition 
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of the hard segment at 301 ºC and 315 ºC respectively while the second peak revealed 

at 347 ºC and 358 ºC showed the decomposition of the soft segment. However, in case 

of PU2NS1 an extra decomposition peak was observed at 545 ºC, which showed the 

decomposition of isocyanates into carbamide and carbon dioxide. The char yield of 

PU2 is 0.35%, while for CP it was found to be 5.22% due to the presence of several 

additives. When NS was reinforced into the PU matrix, the char yield increased to 

1.22% due to the presence of –Si-O-Si- linkage and isocyanate linkage in the 

functionalized NS particles. The maximum degradation temperature for PU2 was 498 

ºC, while it was 556 ºC for CP. In case of PU2NS1 the final degradation temperature 

was found to be at 553 ºC. This shift in degradation temperature shows a strong 

interaction between PU and NS. Similar results were reported by K. Ismoilov et 

al.[206].  

5.3.6 DSC 

The DSC thermogram and thermal properties of paint samples are showed in Fig. 

5.3.e and Table 5.3.b 

 

Fig. 5.3.e: DSC thermogram of various Paint formulations 
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The DSC thermograms of the paint formulations have been reported in Fig. 5.3.e and 

Table 5.3.b. Tg of PU was observed to increase from -17.54 to -2.19 ºC with the 

incorporation of NS particles. This behaviour is due to similar fact that, the NS particles 

present in the PU matrix contributed to strong interfacial interaction with the hard 

segment of PU matrix, that results in increase in cross-linking density, associated with 

the formation of closed silica network structure created in the composite matrix. In the 

case of CP, the Tg is higher in comparison to synthesized paint samples i.e., 1.85 ºC. 

Somdee. P et al. have also reported similar findings[207]. 

5.3.7 Lap-shear Test 

The lap-shear strength and mechanical properties of CP, PU2, and PU2NS1 are 

enumerated in Fig. 5.3.f and Table 5.3.c 

 

                              Fig. 5.3.f: Stress-Strain graph of paint samples 
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Table 5.3.c: Mechanical properties of paint samples 

Paint sample   Shear strength 
(MPa)   

Young’s 
modulus (MPa) 

Pencil 
Hardness   

Abrasion wt. 
loss (%) 

CP                                     8.09 1939 3H 0.14 

PU2 3.03 1333 2H 0.46 

PU2NS1 10.50 2312 3H 0.12 

From the Table 5.3.c and Fig. 5.3.f, it was found that the shear strength of CP was 

8.09 MPa, while in the case of PU2, the shear strength was found to be 3.03 MPa. 

However, incorporation of NS particles to the PU matrix, resulted in increase in shear 

strength to 10.50 MPa. The mechanical properties of PU/NS composite are greatly 

influenced by the compatibility and dispersion of NS particles in the PU matrix. When 

optimized wt.% of NS particles are incorporated into the PU matrix, they hinder the 

chain mobility of hard segment of PU, resulting in increased cross-linking density. 

From the above study, PU matrix incorporated with 0.5 wt.% NS particle exhibited 

optimum shear strength value. The Young’s modulus of PU2 was 1333 MPa, which 

was 1939 MPa in the case of CP. However, in case of NS particle incorporated PU 

matrix, the modulus increased to 2312 MPa, because of similar facts of the strong 

interaction between the PU matrix and amorphous NS particles. The incorporation of 

NS particles within the PU matrix improved the mechanical properties of the paint over 

its neat and commercial formulations to the extent of 42% and 16% respectively. 

Similar findings have been reported by P.A. Khoon et al.[208]. 
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5.3.8 Nanoindentation Test 

The force -displacement graph of the paint formulations is displayed in Fig. 5.3.g 

(a)

 

(b)

 

(c)

 

 

Fig.5.3. g: Force vs. displacement curve of (a) CP (b) PU2  (c) PU2NS1 

A nano-indenter with a specific force creates an indentation depth on the coating 

surface. The penetration depth is studied as a function of time consisting of a single 

loading and unloading cycle curve. A. Karimazadeh et al. reported that NS fillers 

enhance the cohesive forces within the matrix, which prevents the penetration of the 

indenter increasing hardness (H) and elastic modulus (E) values[209].  Fig. 5.3.g 

showed the typical indentation loading-unloading curves for CP, PU2, and PU2NS1. 
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The graph was plotted between hardness, elastic modulus vs. indentation depth. In 

case of PU2, the maximum indentation depth at the maximum load of 10 mN was 

observed to be 3300 nm, while in the case of PU2NS1 and CP the maximum depth 

observed was about 2000 nm and 250 nm respectively. After the insertion of NS 

particles, the hardness of the coating was observed to be increased by 66%. Elastic 

recovery was 35% in the case of PU2, while NS particle addition increased the elastic 

recovery to 25%. Incorporation of NS particles increased the hardness due to the 

strong interaction between hard segment of PU and amorphous NS particles, which 

provided improved reinforcement by forming Si-O-Si linkage at the interface, which in 

turn leads to higher cross-linking density as discussed in the earlier sections. This 

study concludes that, with the addition of NS particles, the coating developed is 

bestowed with higher hardness and lower elastic recovery properties, thereby leading 

to achieve higher scratch resistance properties. N. Jamal et al. have also reported 

similar behaviour in case of UHMWPE reinforced hybrid composite of carbon fiber and 

NS[210]. 

5.3.9 Abrasion Resistance Test 

The abrasion test results of paint formulations are enumerated in Table 5.3.c. The 

weight loss in the Taber abrader for commercial paint was 0.14%, which was 0.46% 

and 0.12% in case of PU2 and PU2NS1 respectively. The abrasion resistance of paint 

matrix showed an increase with incorporation of NS particles. This indicated strong 

interfacial bonding between NS and PU. Also, as explained in the earlier sections it 

may be concluded that the NS forms -Si-O-Si- linkage on the PU matrix, which 

enhanced the cross-linking density and thereby enhanced the abrasion resistance. 

The results obtained from the current study can be corelated from the findings of O. 

A. Valdes et al.[211]. 

5.3.10 Pencil Hardness Test 

The pencil hardness of CP was observed to be 3H. In case of PU2 it was found to be 

2H, which subsequently increased to 3H with the incorporation of NS particles within 

the PU-matrix. This result is additionally confirmed increased bond strength of NS 

reinforced PU matrix which lead to freezing of mobility of PU chains, thus resulting in 

increased cross-linking density. N. Hussain et al. stated similar results[212]. 
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5.3.11 WCA 

The WCA of CP, PU2, PU2NS1 are enumerated in Fig. 5.3.h 

 

Fig. 5.3.h: WCA of (a) CP (b) PU2 (c) PU2NS1 

As observed, increase in heterogeneity and surface roughness increased the WCA. 

The WCA studies of paint samples revealed that, WCA of CP and PU2 was 93.52 º, 

and 81.71 º respectively. Whereas, in case of PU2NS1, the WCA increased to 92.26 º. 

The WCA value for PU2NS1 increased due to the increase in heterogeneity in presence 

of NS particles in the PU matrix which forms a closed network structure, thereby 

increasing the hydrophobicity of the surface. S. Das et al. have reported similar 

findings in case of PU coatings synthesized from TECO[192].  
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5.3.12 SEM 

SEM image of CP, PU2, and PU2NS1 is displayed in Fig. 5.3.i 

(a) 

 

(b)

 

(c) 

 

 

Fig.5.3.i: SEM image of (a) CP (b) PU2   (c) PU2NS1 

SEM micrographs of the cross-section of CP, PU2, and PU2NS1 are enumerated in 

Fig. 5.3.i. It is evident from Fig. 5.3.i (b), that PU2 paint formulation revealed the 
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presence of hard segment and soft segment. However, minor traces of agglomeration 

were observed on the paint surface, with overall picture of a homogenized coating. In 

the case of CP, the SEM micrograph in Fig. 5.3.i (a) showed several agglomerations 

which revealed the presence of many additives present in the paint film. Conversely, 

as observed in Fig. 5.3.i (c), with the incorporation of NS particles within the PU matrix, 

the paint surface showed a little amount of heterogeneity. The black surface observed 

from the image indicated the PU, while the white dots and lumps indicated the NS 

particles. The micrograph also showed that there was no traceable agglomeration in 

the PU2NS1 film. Similar results were also confirmed by L. Chen et al., wherein the 

authors observed homogenized PU coating employing precipitated silica with silanol 

moeity[213].  

5.3.13 TEM 

 

Fig. 5.3.j: TEM micrograph of PU2NS1 

TEM micrograph of PU2NS1 was displayed in Fig. 5.3.j. From the TEM micrograph it 

was observed that, all NS particles cannot be dispersed completely into the acrylic/PU 

matrix. Bright spots with dark spots were observed from the micrograph, wherein the 
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bright spot indicates pores present in the PU matrix, whereas the dark spots indicate 

the NS particles embedded within the pores. The larger dark spot shows presence of 

agglomeration in the PU matrix. M. Seeni reported similar results in her study[214]. 

5.3.14 Gloss and Weather Resistance Test 

The variation of gloss after weathering, its retention, transmittance and haze of CP, 

PU2, and PU2NS1 are represented in Table 5.3.d. 

Table 5.3.d: Gloss before and after 400 hrs. weathering, Gloss retention %, 

transmittance, and haze 

Paint 
formulation 

Gloss at 0 hr. 
weathering 

Gloss after 400 hrs. 
weathering 

Gloss 
retention (%) 

Transmittance 
(%) 

Haze (%) 

CP 34.12 28.54 83.64 - - 

PU2 23.76 15.89 66.87 92.51 22.41 

PU2NS1 32.48 25.51 78.50 99.32 15.63 

Table 5.3.d, revealed that, the gloss value of CP is very high and after 400 hrs. 

exposure in weatherometer, the gloss retention % was found to be around 83%. In 

case of PU2, the gloss retention % was observed to be around 66.87%. However, in 

case of PU2NS1, the gloss retention % increased significantly to 78.50%, due to the 

presence of NS particles. Uniformly dispersed NS particles enhanced the light 

scattering efficiency, when exposed to light, which lead to higher gloss of the paint 

matrix. Similar results were observed with L. Zhang et al. in case of water-borne PU-

coatings[215]. 
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5.3.15 UV-visible spectra 

 

Fig. 5.3.k: Absorbance spectra of PU2 and PU2NS1 

The ultraviolet-visible (UV-VIS) spectra of PU2 and PU2NS1 are depicted in Fig. 5.3.k. 

The absorbance spectra indicated that the absorbance increases after immersion of 

NS particles, and the increment was more obvious at shorter light wavelength. 

Because of absorbance and reflection, the transmittance of light also reduced. The 

reduction of transmittance in the range of 290–400 nm wavelength indicated that both 

the paint formulations have the UV-shielding property. The PU2NS1 coating 

formulation was observed to have lower transmittance, which made it more opaque in 

comparison to PU2. The lower transparency of PU2NS1 is caused by the aggregates 

of NS particles in the paint matrix, which can also be correlated from TEM 

micrography. Similar results were studied by H.R. Pant et al.[216]. 
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5.3.16 Haze and Transmittance 

Haze describes the light scattering of a specimen. Highly transparent materials show 

lower haze %. From Table 5.3.d it was evident that with the incorporation of NS 

particles, haze % decreased from 22.41% to 15.63% resulting in an increase in 

transmittance from 92.51% to 99.32% of the paint matrix. NS has a high refractive 

index of 1.51, which prevents the scattering of light, resulting in a decrease of haze in 

contrast to the enhancement of transmittance in the paint film. Similar results have 

been reported  by D. K. Chattopadhyay et al. [50]. 

5.3.17 Petrol, Diesel, and Engine oil Resistance Test 

The effect of petrol, diesel, and engine oil immersion are depicted in Fig. 5.3.m 
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Fig. 5.3.l: Optical microscopy image of paint formulations before immersion in petrol, 

diesel, and engine oil (a) CP (b) PU2 c) PU2NS1 Petrol immersed paint samples (d) CP 

(e) PU2 (f) PU2NS1. Diesel immersed paint samples (g) CP (h) PU2 (i) PU2NS1. Engine 

oil immersed paint samples (j) CP (k) PU2 (l) PU2NS1 

From the optical microscopy images reported in the Fig. 5.3.l, it was observed that 

after immersion in petrol the coated samples did not show any appreciable change as 

compared with the pre-immersion images of paint samples, which revealed that the 

paint formulations are resistive to petrol. However, in the case of diesel immersed paint 

formulations, the structure was observed to change marginally in the case of CP, 

whereas in case of PU2 a major change in structure was observed. But with the 

insertion of NS particles, the diesel resistivity of the paint formulation improved, 

wherein only a marginal change in gloss was observed. When the paint formulations 

were immersed in engine oil, all the paint formulations exhibited softening effect, with 

PU2, the softening was prominent wherein peeling of the paint was observed. When a 

paint is immersed in oil, it shows osmotic blistering due to entrapment of accumulated dirts 

and temperature difference on the paint surface, which leads to paint peeling, softening and 

blistering. With the incorporation of NS particles, the interfacial bond between the PU 
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matrix and NS particles increased due to the presence of Si-O-Si linkage. This led to 

higher cross-linking density, that attributed to increase in oil resistance property of 

PU/NS composite paint formulation.  

5.3.18 Acid and Alkali Resistance Test 

The effect of acid and alkali on the paint samples is enumerated in Table 5.3.e. 

Table 5.3.e: Acid and Alkali effects on paint formulations 

Paint formulations Acid Alkali 

CP Change in appearance No change 

PU2 Change in gloss No change 

PU2NS1 Change in appearance No change 

The paint formulations were observed to be resistant to alkali, as no physical change 

was observed after the immersion of the paint samples in alkali. But in the case of acid 

immersion, the CP and PU2NS1 paints showed very less change in physical 

appearance, but in the case of PU2, some variations like change in gloss was 

observed. This behaviour confirmed that, PU-matrix formed a closed network structure 

due to formation of Si-O-Si linkage in PU2NS1, which lead to less percolation of acid 

and alkali. L. Chen et al. have also reported similar findings[213]. 
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5.3.19 Solvent Resistance Test  

The solvent resistance properties of the paint samples are displayed in Fig. 5.3.m and 

Table 5.3.f. 

 

Fig. 5.3.m: Variation in swelling parameter as a function of time of various paint 

formulations in different solvents, (a) Acetone (b) DMF (c) Toluene (d) Xylene 

Table 5.3.f:  Change in wt. % after 7 days of immersion in solvents. 

 Acetone DMF Toluene Xylene 

CP (wt. change %) 14.50 5.71 2.10 2.60 

PU2 (wt. change %) 13 7.81 4.57 6.25 

PU2NS1 (wt. change %) 6.66 3.26 3.57 2.40 
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The solvent resistance study depicted in Table 5.3.e and Fig. 5.3.m, showed that the 

solvent resistance of PU2 was less than that of CP. However, in the case of PU2NS1 

film, the solvent resistance was found to be higher due to the similar facts as 

elaborated in the earlier section of increase in cross-linking density that occurred by 

the incorporation of NS particles within the PU matrix, which contributed in strong 

interfacial bond between PU matrix and NS particles. PU2NS1 paint showed solvent 

resistance properties as that of CP. Similar results have been reported by B. Xue et 

al..[217]. 

Conclusions 

Bio-based automobile PU-based clear coat was synthesized using ATECO and IPDI 

via in-situ polymerization method. FTIR and 1HNMR studies reveal the formation of 

urethane linkage confirming the chemical structure of polyurethane. PU-coating 

reinforced with 0.5 wt.% TI modified NS particles, exhibited improved performance 

characteristic w.r.t thermal, mechanical, and chemical properties. XRD, SEM, and 

TEM revealed improved dispersion of TI-modified NS within PU matrix. Thermal 

properties like char residue % and Tgs were increased from 0.35% and -12.16 ºC to 

1.22 % and 1.65 ºC with the addition of NS respectively. Incorporation of NS also 

increased the mechanical properties like cross-cut adhesion %, Young’s modulus, 

pencil hardness, abrasion loss %, and nanoindentation depth from 82±2%, 1333 MPa, 

2H, 0.40%, and 3300 nm to 93±3%, 2312 MPa, 3H, 0.12% and 2000 nm respectively. 

Similarly, WCA, cross-linking density, solvent resistance, oil resistance, and optical 

properties increased significantly, with the addition of NS particles in the PU matrix. 

Hence, eco-friendly acrylic PU-based paint formulation, derived from castor oil 

incorporated with optimized dosage of modified NS can suitably substitute the 

commercial clear coats. 
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Chapter 6 

Effect of incorporation of TI modified Nanosilica (NS) on the 

properties of blend nanocomposite for Automobile sealer 

application 

Introduction 

Epoxy (EP) resins are one of the most significant adhesive materials with three-

dimensional network structure. Despite of having excellent thermal, mechanical and 

chemical resistance properties, these resins have certain drawback of brittleness, 

which leads to ease in crack propagation[218]. These problems can be largely avoided 

by adding a toughening material to the epoxy resin. PU is a versatile polymeric material 

with higher mechanical, thermal and tensile properties[219] and it is considered as a 

very good toughening polymer for thermosetting polymeric materials. It has hard 

segments and soft segments, which are incompatible and leads to phase 

separation[218]. In recent studies, development of a blend of two polymers to create 

an interpenetrating network (IPN) have attracted significant research interest[220]. EP 

has lower toughening and impact properties, whereas PU has higher toughening and 

impact properties. Hence, a blend of EP and PU, results in an IPN having their 

maximum characteristic properties[221].  

Adhesives and sealers are one of most significant part of automobile paint industry 

applicable in various parts of automobile body like, windshields, brake shoes, thread 

lockers etc.[222]. These are binding materials used by automotive original equipment 

manufacturers (OEMs) to bind different substrates of automobile body parts without 

using welding and mechanical bolts[222]. Typically, an epoxy/PU composite is 

considered as one of the mostly used sealer material, which provides higher adhesion 

effects[223]. 

With nanoscale fillers becoming more extensive in industries, the characteristic 

properties of epoxy-PU blend can be improved by incorporation of various nano 

particles. Surface modified NS particles are the most preferred additive incorporated 
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in the epoxy-PU blend. Modified NS particles have a large number of hydroxyl groups, 

which attributed to extensive interaction between the blend matrix and the NS 

particles, resulting in toughening properties as well as mechanical properties[224]. 

The current study reported the synthesis of Epoxy-PU blend applicable as automobile 

sealer using EPOFINE blended with ATECO as matrix, FINE HARD as curing agent 

and TI-NS as additive. The structural, mechanical and thermal properties of the sealer 

samples have been studied and reported in current chapter. 

Results and Discussion 

6.1 Optimization of blend ratio of Epoxy: PU 

The blend optimization has been evaluated employing impact test at variable ratios. 

The impact strength of both notched and unnotched epoxy-PU blends were shown in 

Table 6.a. 

Table 6.a: Impact strength of Epoxy: PU at variable wt. ratio and effect of incorporation 

of NS 

Sealer 
composition 

Epoxy: PU NS (wt.%) Impact 
strength un-

notched (J/m) 

Impact 
strength 

notched (J/m) 

EP1 100: 0 0 55.7±5 13.8±2 

EP2 80: 20 0 91.3±4 21.6±4 

EP3 60: 40 0 73.6±3 16.6±5 

EP2NS 80: 20 0.5 100.2±2 24.7±3 

From the Table 6.a, it was observed that, EP1 has lower impact strength due to 

presence of large number of epoxy rings. After addition of 20% ATECO into neat epoxy 

matrix, the EP2 blend was exhibited an increase in impact strength from 55.7±5 J/m to 

93±4 J/m in case of un-notched samples and 13.8±2 J/m to 21.6±4 J/m in case of 
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notched samples. This behaviour is possible because ATECO has a polymer network 

of C-C double bond, that led to inhibition of crack propagation, thereby resulting 

increase in impact strength. However, when the ATECO ratio was increased from 20% 

to 40%, a decrease in impact strength was observed for both notched and un-notched 

samples. This result attributed that, excess amount of ATECO in the blend led to 

agglomeration, resulting in decrease in impact strength. Hence, blend composition 

with epoxy: PU ratio 80:20 was optimized for sealer applications. From the previous 

study TI-NS incorporated at 0.5 wt.% showed optimum characteristic properties. Thus, 

TI-NS of 0.5 wt.% was retained in the optimized blend and was incorporated into the 

composition. It was observed that, the impact strength was increased from 93±4 J/m 

to 100.2±2 J/m in case of un-notched sample and from 21.6±6 J/m to 24.7±3 J/m. This 

phenomenon was possibly because NS created a close network structure in the 

polymer matrix, which increased its cross-linking density thus, increased the impact 

strength of the nanocomposite. 

6.2 FT-IR: 

FTIR spectra of blends of Epoxy: PU at variable composition are displayed in Fig. 6.a 

 

Fig. 6.a: FTIR spectra of  (a) EP1 (b) EP2 (c) EP3 
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From Fig. 6.a, the FTIR spectra of the epoxy-PU blends revealed that, the peaks 

corresponding to 3398, 3392, and 3373 cm-1 represents -OH group for EP1, EP2, and 

EP3 respectively. -CH2 symmetric and asymmetric stretching for EP1 was observed at 

2857 and 2952 cm-1 respectively. Similarly, for EP2, -CH2 symmetric and asymmetric 

stretching was noted at 2850 and 2958 cm-1. In case of EP3, the same was observed 

at 2851 and 2933 cm-1. Peak corresponding to -C=O band was observed at 1739 and 

1732 cm-1 for EP2 and EP3. -COO symmetric bond was observed at 1098, 1104, and 

1100 cm-1 for EP1, EP2, and EP3 respectively. Similarly, the symmetric epoxide ring 

was observed at 826, 821, and 815 cm-1 in case of EP1, EP2, and EP3. Presence of 

the above-mentioned chemical bonds confirmed the formation of Epoxy-PU blend.  

 

Fig. 6.b: FTIR spectra of (a) EP2 (b) EP2NS 

FTIR spectra of EP2 and EP2NS are represented in Fig. 6.b. The peaks corresponding 

to -OH group was noted at 3407 and 3414 cm-1 for EP2 and EP2NS respectively. -CH2 

symmetric and asymmetric band was observed at 2840 and 2938 cm-1 for EP2NS 

which was noted at 2836 and 2930 cm-1 in case of EP2. -C=O band was observed at 

1738 and 1745 cm-1 in case of EP2 and EP2NS. EP2 showed symmetric and 

asymmetric -COO bond at 1058 and 814 cm-1. Similarly, in case of EP2NS, peaks 
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corresponding to the symmetric and asymmetric -COO bond was observed at 1088 

and 822 cm-1 respectively. Additionally, EP2NS showed another band at 700 cm-1, 

representing the Si-C bond due incorporation of NS. 

6.3 Fracture Toughness and Tensile Strength 

Fracture toughness and Tensile strength of the epoxy, epoxy: PU blend and its 

nanocomposite are displayed in Fig. 6.c and Table 6.b. 

 

Fig. 6.c: Tensile stress, Critical stress intensity and Critical Strain energy value of EP1,  

EP2 and EP2NS 
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Table 6.b: Tensile and Fracture toughness analysis of EP2 and EP2NS 

Sample 
name 

Tensile 
strength 
(MPa) 

Elongation 
at break (%) 

Young’s 
Modulus 
(MPa) 

KIC 
(MPa.m1/2) 

GIC (KJ/m2) 

EP1 68.02±5 0.98±0.2 4131.12±6 1.96±0.2 2.27±0.3 

EP2 43.25±3 1.85±0.2 2987.47±8 2.82±0.2 3.69±0.3 

EP2NS 57.38±4 2.21±0.5 3654.83±7 3.74±0.3 4.88±0.2 

Fig. 6.c and Table 6.b enumerates the tensile strength, elongation at break, critical 

stress intensity factor and critical strain energy rate of EP1, EP2, and EP2NS.  The 

tensile strength of EP1 was 68.02±5 MPa with elongation at break of 0.98±0.2%, which 

indicated its brittleness characteristics. With addition of 20% ATECO, the tensile 

strength decreased to 43.25±3 MPa while the elongation at break increased to 

1.85±0.2%. A similar decrease in modulus value to the tune of 36% was noted with 

the incorporation of ATECO within the EP1 matrix. This behaviour indicated that 

incorporation of ATECO within the neat epoxy decreased the cross-linking density. 

neat epoxy, it decreased the cross-linking density, which resulted in a flexible product 

with more toughness. On the contrary the tensile strength of EP2 was observed to 

increase by 32% with incorporation of NS. The elongation at break was also increased 

by 19% with addition of NS particles into the blend. NS particles when added to the 

blend, the interfacial interaction between the matrix and the filler increased, resulting 

in formation of a closed network structure, which increased the cross-linking density 

of EP2NS, thereby leading to increase in tensile strength, elongation at break, and 

modulus in comparison with EP2 blend. 

KIC value indicates the critical amount of stress needed to raise a small amount of 

crack, which leads to material failure. Similarly, GIC value determines the measure of 

the critical energy required to extend a crack over a unit area. The KIC and GIC value 

of neat epoxy i.e., EP1 was observed to be 1.96±0.2 MPa.m1/2 and 2.27±0.3 KJ/m2 

respectively. Similarly, with addition of ATECO, KIC and GIC increased to 2.82±0.2 MPa 
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m1/2 and 3.69±0.3 KJ/m2 respectively. Addition of ATECO into the epoxy matrix 

resulted in its change in chemical structure, which led to increase in flexibility of the 

blend, thus increased the KIC and GIC value of the blend. After incorporation of NS 

particles into EP2, the KIC and GIC value were studied to increase by 32% and 33% 

respectively for EP2NS. This can be explained due to the fact that, NS particles create 

a closed network structure in the sealer matrix, resulting in higher cross-linking density, 

which led to increase in stress intensity factor and strain energy rate. 

6.4 DMA and Cross-linking density 

The DMA thermogram and thermal properties of the sealer samples are depicted in 

Fig. 6.d and Table 6.c 

 

Fig. 6.d: DMA thermogram of sealer samples 
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Table 6.c: TGA, DMA, and DSC data of sealer samples 

Paint sample                                                                                                  TGA Char 

yield % at 800 

ºC 

DMA DSC Tg (ºC) 

Tgs (ºC)   E’ at Tg±30 

ºC      

ϑc (mol/m3)            

EP2 3.66                                             37.16               22.37 0.98 32.28 

EP2NS 4.54                                              50.81                  46.17 3.42 46.37 

Fig. 6.d and Table 6.c, depicted the DMA analysis of EP2 and EP2NS w.r.t. variation 

of E’ and tan δ as a function of temperature. The ϑc was observed to increase from 

0.98 to 3.42 mol/m3 with the incorporation of NS. Incorporation of NS particles 

attributed to a strong interfacial bonding between the blend matrix and the amorphous 

NS particles, which transfers the stress from EP2 to NS particles at the interface. These 

NS particles restricts the mobility of the polymer chains resulting in higher cross-linking 

density and higher E’ value in the sealer matrix. The higher cross-linking density blocks 

the motion of the molecular chain resulting in a reduction of free volume, which leads 

to higher Tg and E’, values. The tan δ curve revealed the presence of damping peaks, 

which revealed the Tg value of the sealer samples. From the graph, it was observed 

that the Tg for EP2 and EP2NS were 37.16 and 50.81 °C respectively. This behaviour 

revealed increased Tg of EP2 in presence of NS particles, which confirmed increased 

segmental immobilization of the composite matrix at the interface.  
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6.5 TGA 

TGA/DTG thermogram of sealer samples is displayed in Fig. 6.e and Table 6.c 

 

Fig. 6.e: TGA/DTG Thermogram of EP2 and EP2NS 

The TGA/DTG thermograms of EP2, and EP2NS are enumerated in Fig. 6.e and the 

thermal parameters are reported in Table 6.c. From the TGA thermograms, it was 

observed that the Ti  for EP2 was 288 ºC, while it was 296 ºC for EP2NS. Incorporation 

of rigid NS particles as fillers, increased the thermal stability of epoxy-PU/NS matrix 

due to higher cross-linking density. In the case of EP2, the decomposition peaks were 

observed at 376 ºC, which indicated the decomposition of high molecular weight 

compounds along with phenolic compounds. However, in the case of EP2NS, peak at 

389 °C indicated the decomposition of high molecular weight compounds along with 

phenolic compounds. The char yield of EP2 is 3.66%, while for EP2NS it was found to 

be 4.54% due to the presence of –Si-O-Si- linkage and isocyanate linkage in the 

functionalized NS particles. The maximum degradation temperature for EP2 was 647 

ºC, while at 696 ºC, EP2NS showed char yield. This shift in degradation temperature 

shows a strong interaction between the blend and NS[225].  
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6.6 DSC 

DSC thermogram of blend compositions is reported in Fig. 6.f and Table 6.c 

 

Fig. 6.f: DSC Thermogram of EP2 and EP2NS 

The DSC thermograms of the EP2 and EP2NS have been represented in Fig. 6.f and 

Table 6.c. The glass transition temperature (Tg) was observed to increase from 32.28 

to 46.37 ºC with the incorporation of NS particles within the sealer samples. The 

increase in Tg value is also due to similar facts of an increased cross-linking density 

which is due to the formation of closed silica network structure created with the addition 

of NS particles.  

 

 

 

 



196 

 

6.7 Water absorption test 

Water absorption graph of the blend samples is depicted in Fig. 6.g 

 

Fig. 6.g: Water absorption graph of sealer samples as function of time 

Fig. 6.g enumerated the water absorption behaviour of EP2 and EP2NS. The water 

absorption % was observed to decrease by 5% with the incorporation of NS particles 

into the EP2 matrix. The amorphous NS particles when added to the polymer matrix, 

increased the interfacial interaction between the matrix and the filler, resulting in a 

formation of a closed network structure. This closed network structure decreased the 

water absorption capacity of the EP2NS[226]. 
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6.8 SEM 

SEM micrograph of EP2 and EP2NS is displayed in Fig. 6.h 

(a) 

 

(b) 

 

Fig. 6.h: SEM micrograph of (a) EP2 (b) EP2NS 

The SEM image of the optimized sealer samples were depicted in Fig.6.h. From Fig. 

6.h (a), the SEM image of EP2 was observed, which showed an uneven and rough 

surface due to increase in ductility of the blend composition. This ductility was 

achieved by blending epoxy with ATECO. ATECO has special chemical composition 

which restricted the chain mobility of neat epoxy matrix, thus resulting in development 

of ductile property. With incorporation of NS particles, the surface roughness of the 

sealer matrix further increased due to increase of cross-linking density and resulted in 

higher ductility. It was shown in Fig. 6.h (b)[227]. 
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6.9 WCA 

WCA image of the blend samples are displayed in Fig. 6.i 

(a) 

 

(b) 

 

Fig. 6. i: WCA of (a) EP2 (b) EP2NS 

The contact angle studies of EP2 and EP2NS revealed that, WCA of EP2 was 85.63 º. 

Whereas, in case of EP2NS, the WCA increased to 91.45 º due to the increase in 

heterogeneity by incorporating NS particles in the polymer blend, which is due to the 

closed network structure, thereby increasing the hydrophobicity of the surface.  

Conclusion 

Bio-based cost-effective automobile sealer was synthesized by using EPOFINE 1556, 

ATECO, and FINEHARD 3486, incorporated with nano-silica. Automobile sealer 

synthesized with 80% EPOFINE 1556 and 20% ATECO incorporated with 0.5 wt.% 

NS (EP2NS) was optimized using impact test. With the incorporation of NS into the 

neat sealer matrix constituting of Epoxy: PU of 80: 20 ratio, thermal properties like 

char residue, and glass transition temperature were increased from 3.10%, and 50.6 

°C to 4.55%, 73.76 °C, and respectively. From the physical properties, it was observed 

that water contact angle and cross-linking density increased from 85.63 ° and 0.98 
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mol/m
3
 to 91.45 ° and 3.75 mol/m

3
 respectively with the incorporation of NS within the 

blend. The mechanical studies revealed that with the incorporation of NS, tensile 

strength, impact strength, and critical stress intensity factor increased to 14.35%, 

32.67%, and 32.62% respectively as compared to the neat blend. Thus, epoxy: PU 

blend at an optimized ratio reinforced with modified nanoparticles can be utilized as 

sealer. 
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CHAPTER 7 

 

Conclusion and 

Future study 

 

 

 

 



201 

 

Conclusion 

The current study attributed synthesis of bio-based automobile basecoat, clearcoat, 

and sealer using CO as the polyol. Surface modified NS particles were used as the 

filler material to enhance the physico-mechanical, thermal, optical, and chemical 

resistance properties. 

Eco-friendly basecoat of automobile paint was synthesized using ECO and IPDI using 

in-situ polymerization process. Incorporation of APTES modified NS along with TP, 

increased the characteristic properties of the paint formulations. Paint formulation with 

0.5 wt.% APTES-NS along with 0.2 wt.% TP depicted optimized properties like 

thermal, mechanical, and chemical resistance. As per mechanical properties aspect 

the cross-cut adhesion %, abrasion resistance %, Young’s modulus, and pencil 

hardness were studied to increase by 28%, 0.024%, 131.5 %, and H, after 

incorporation of the filler materials. FTIR and 1HNMR test confirmed the structural 

properties of the paint formulations. Thermal and chemical resistance properties were 

also studied to improve significantly with incorporation of filler materials. 

Bio-based automobile clearcoat was synthesized using ATECO and IPDI via in-situ 

polymerization process. 0.5 wt.% of TI modified NS particles were reinforced into the 

paint matrix to improve the performance characteristic of the paint formulation. FTIR 

and 1HNMR studies confirmed the chemical structure of the paint matrix.  SEM, and 

TEM study revealed the morphological properties of the paint formulation. Thermal 

properties like char residue % and Tgs were increased from 0.35% and -12.16 ºC to 

1.22 % and 1.65 ºC with the addition of NS respectively. Mechanical properties like 

cross-cut adhesion %, Young’s modulus, abrasion resistance %, pencil hardness were 

studied to increase by 11%, 979 MPa, 0.28%, and H respectively with incorporation of 

NS. Furthermore, cross-linking density, chemical resistance, and optical properties 

increased significantly, with the addition of NS particles into the paint formulations. 

Hence, bio-based acrylic PU-based paint formulation, incorporated with optimized 

amount of modified NS can be applicable as the alternative of the commercial clear 

coats. 
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Bio-based Epoxy-PU blend was synthesized by using ultrasonication mixing process 

to be applicable as automobile sealer. Optimized TI modified NS particles were 

incorporated into the blend to improve the physical, thermal, and mechanical 

properties of the sealer. FTIR study confirmed the chemical structure of the sealer. 

SEM study showed the proper dispersion of TI-NS in the blend matrix. Physical 

properties like WCA, and water absorption % were observed to increase by addition 

of NS particles in the blend. Mechanical and thermal properties of the nanocomposite 

was observed to increase significantly with reinforcement of NS particles into the 

epoxy-PU blend. This implies that, the nanocomposite synthesized can be used as a 

substitute of commercial automobile sealer. 
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Future Study 

In the future aspects of this current work, further investigation will be carried out for 

the paint samples exposed to weatherometer for 400 hrs. to study the physical, 

mechanical, thermal, optical, and chemical resistance properties. This investigation 

will be very helpful to implement the synthesized bio-based automobile paint samples 

in commercial level. 

Furthermore, the bio-based automobile sealer properties can be compared with the 

commercially available automobile sealer to study its mechanical, thermal, and 

physical properties and its implication as an alternative to the commercial automobile 

sealer. 

Further studies will also be carried out to synthesize a hyperbranched polyol derived 

from CO via in-situ polymerization process. The hyperbranched polyol is predicted to 

have a hydroxyl value in the range of 400 mg/KOH. The significant increase in hydroxyl 

value will also increase the performance characteristics of the PU-based paint 

formulations. 

➢ Study of change in physical, chemical, optical, and 

mechanical properties after exposure to weatherometer for 

400 hrs. 

➢ Comparison of properties in between commercially available 

automobile sealer and the synthesized bio-based automobile 

sealer. 

➢ Further study on synthesis of hyper-branched polyol, derived 

from CO by in-situ polymerization method. 
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Appendix 1 

Prototypes 

Basecoat  

 

Clearcoat 
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