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ABSTRACT 

In the construction industry, prepainted metal strip is a widely used material for fagade 

and roofs of building intended for commercial used. The physical properties of modem 

coatings are outstanding, however one big problem that remains and which affects the 

overall coatings performance is dirt pick up. 

Firstly the effect of weathering induced chemical composition change was evaluated 

using photo-acoustic infrared spectroscopy (PA-FTIR), and X-ray photoelectron 

spectroscopy (XPS). The results shown that photo-oxidation processes occurs via Norrish 

type I and type 11 reaction at several sites on the polymer backbone, with the ester linkage 

and the melamine crosslinkage being the more reactive. 

Secondly aluminosilicates have been found to be the main source of soiling with organic 

pollutants also responsible but to a minor extent, the presence of such dirt was confirmed 

by XPS analyses. Unusual peak shape was observed on the carbon narrow scans with low 

binding photoelectron emitted. 

Finally Polymer/organically modified layered silicates (PLS) nanocomposites are a new 

class of filled polymer with ultrafine phase dimension. They improve considerably the 

physical properties of the coating while reducing dirt pick up. The best results were 

obtained when the insitu intercalative method was used. However the implication of the 

onium salts is obscure and the relation between the nanocomposite structure and its 

properties is not well understood. 
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INTRODUCTION 

CHAPTER I 
INTRODUCTION 

Coatings are used everywhere; if you are indoors there are coatings on the walls, 

refrigerators, cabinets, furniture and all electric devices. If you are outdoors coatings are 

on houses, buildings and cars. Whether you drink beer or soft drinks, there are coatings 

inside and outside cans. The functionality and decorative requirements of coatings span 

a very broad spectrum. They may be described by their appearance (for example shell: 

clear, pigmented, metallic or glossy) and by their function (corrosion protective or 

abrasion protective, photosensitive or decorative). They can also be described as organic 

or inorganic materials but are often a mixture of both. 

Coatings studied in this project consist of thermoset polymers constituting an inorganic 

pigment dispersed in an organic matrix (also called binder) prepared by the coil coating 

process, or a laboratory simulation of that process. Their applications include the 

transport and construction industries, and household electrical goods products. 

Nowadays many buildings are constructed from metal sheets. The highly coloured, 

complex corrugated and shaped sheets that form most of the facades and roofs of retail 

shops, factories as well as roofs of some domestic housing are produced from 

prcpaintcd metal sheets, which are roll formed to increase stiffncss. The coloured 

finishes are called coil coatings. 

For such out-doors application coatings must protect the underlying structure from 

corrosion as well as fulfil its main decorative purpose. Therefore the coatings 

appearance and performance over time is a big concern. 

1 



INTRODUCTION 

The exterior durability of coatings refers to their resistance to change during outdoor 

exposure; such changes include changes of modulus, loss of strength, loss of adhesion, 

environmental etching, loss of gloss, discoloration and dirt pickup. The later will be the 

main focus of this dissertation. 

The lack of knowledge in dirt pick up is surprising as the primary function of an 

exterior coating is to be decorative; a tendency for a coating to pick up dirt dominates 

quickly the overall coating performance, and this is a big concern for coatings 

manufacturers and their customers. 

The deposition of dust and debris on a painted surface is a continuous natural process, 

which can start as soon as the coating is applied and definitely starts when the surface is 

exposed to its environment. The coating surface is exposed to aggression from the 

atmosphere, including pollution and radiation. Dirt pick up is defined as the retention of 

foreign matter, mainly suspended particles present in the air, this make the surface look 

darker or dirtier. In general coatings have a good dirt pick up resistance in Europe and 

Northern America, however their performance in hot tropical weather is very bad. This 

is caused by high ambient temperatures, high UV dose and poor air quality in urban 

region as a result of pollution. 

The aims of this project are; 

1) To characterise the surface and bulk properties of several paint formulations, 

before and after weathering in China using different techniques. This will give 

an evaluation of the important key factors in dirt pick up mechanisms, as well as 

identifying the main polluting materials. 

2) To investigate the formulation of coatings system with good dirt pick up 

resistance, in other words a paint that resists the accumulation of dirt on its 

surface. 
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COATINGS CHEMISTRY 

CHAPTER II 
COATINGS CHEMISTRY 

2.1) Introduction 

Coil coated metal is obtained by applying a liquid paint to a metal substrate; after 

application the liquid is converted to a solid film. The paint must have low viscosity and 

contain a relatively high-solids content, in other words a high ratio of resin and pigment 

compare to the amount of solvent. Most paint formulations use amorphous and 

branched polymer with low relative molecular mass (RMM, the term molecular weight 

is much more commonly used in the coatings field) generally between 1,500 and 25,000 

g/mol. Higher relative molecular weight (RMM) polymer tends to be more linear 

requiring more solvent for processing and the resulting coatings are more flexible in 

general. The term resin is widely used in the coating industry to describe the starting 

materials, whereas the term film describes the final crosslink product. A wide range of 

polymers are used in the coil coating industry including; Polyesters, Silicone-Modified 

Polyesters, Polyurethanes, Acrylic, Epoxies, Plastisol, Polyvinyl chloride and 

Polyvilidiene difluoride (PVDF). Each system has its own advantages concerning; the 

flexibility, gloss, hardness, durability, resistance to chemical aggression and cost. The 

end use also determines which polymer is more suitable. As an example epoxies are 

widely used as primer, as hydroxyl groups along the polymer backbone provide good 

adhesion to the metal substrate. Polyesters dominate the market; this is due to their 

versatility and their high performance in areas such as flexibility, hardness, adhesion, 

3 



COATINGS CHEMISTRY 

corrosion resistance, durability and recyclability. The synthesis of polyester will be 

specially emphasised in this thesis. 

2.2) Polyesters Resins 

Polyesters are prepared by step growth polymerisation; they are made by co- 

esterification reactions between four types of monomers, two polyols (diol and triol) 

and two dibasic acids (aliphatic and aromatic diacid or their anhydride), Most 

commonly an excess of polyol is used, so the term hydroxyl-terminated polyesters is 

employed, Step growth polymerisation is the process which, starting from monomers 

with two or more functional groups, leads to polymers through the formation of 

oligomers, whose RMM increases progressively with reaction time. Onen, the reactions 

for step growth polymerisation are condensation reactions which lead to the formation 

of low molecular weight by-products in company with an increase in polymer RMM. 

The primary goal of polymerisation is to obtain polymers with specific characteristics 

such as average RMM, glass transition temperature, types of terminal groups, degree of 

branching etc... the synthetic chemist has to choose the correct raw materials to produce 

the desired polymer. 

The reaction used in step growth polymerisation is often characterised by low 

equilibrium constants, and the removal of low RMM condensation products is necessary 

to drive the reaction toward high RMM product. 

4 



COATINGS CHEMISTRY 

2.2.1) Reaction pathways 

Several raw materials were used to form the resins therefore during the polymer 

synthesis many chemical reactions occur simultaneously. A generalised reaction 

pathway is given in figure 2.1, showing the esterification, reaction between hydroxyl and 

carboxylic groups. 

II catalyst 
q 

R-C-OH + HO-R' . R-C-OR' + H2O 

R 
R-o R-R + HO-R' = R-C-OR' f HO-C-R 

Figure 2.1: Direct Esterification reaction 
Top: acid with an alcohol; bottom: anhydride with an alcohol 

For the formation of polymer structures the monomers must possess at least two 

functional groups, therefore the term polyesterification is used to describe the reaction. 

In practical terms reaction pathways are more complex than this because of secondary 

reactions taking place simultaneously during polymerisation. Therefore the 

characteristics of the final polymer are the result of the contribution made by all of these 

reactions, including forward and reverse reactions, catalysed reactions, side reactions, 

and also the influence of the polymerisation method. In the presence of heat and 

catalysts a variety of non-ester-forming reactions can take place, as an example an 

etherification reaction between two hydroxyl containing compounds can occur (see 

figure 2.2). 

R-OH + R'-OH >21 OOC 
R-O-R' + H20 

Figure 2.2: etherification reaction 
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Etherification will introduce an undesired linkage to the polymer and reduce the 

hydroxyl availability which may increase gelation tendencies. 

A full understanding of the role of the competing reactions, and of the reaction 

mechanisms under specific conditions is a prerequisite for the control of the polymer 

process. 

2.2.2) Mechanism and Kinetics 

Esterification reactions are equilibrium processes, with equilibrium constants generally 

close to unity. Therefore the reaction has to be driven toward polymer formation by 

continuous removal of the water formed. This is achieved by either using vacuum, by 

flushing with a stream of inert gas, or by using an organic solvent which forms an 

azeotrope with water. In the latter case the total amount of solvent is replenished as the 

reaction proceeds. 

An excess of diols is often employed in order to increase the initial reaction rate and to 

compensate for possible diol loss. The initial imbalance of the functional group does not 

affect the RMM of the final polymer, however the chains are terminated with the excess 

group. 

Direct esteriflcation can proceed at a high temperature in the absence of added catalysts, 

in which the carboxyl groups of the monomer provide protons to catalyse the reaction. 

However small amounts of catalysts are added to increase the reaction rate during the 

final stage of polymerisation. A number of catalysts are available, organometals catalyst 

such as titanium alkoxyde and organotin are the most effective and preferred in the 

industry. (I] 
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The mechanism of the direct esterification as been studied in detail [2] and is given in 

figure 2.3 and is the same for the proton-catalysed polyesterification. 

0 OH OH 
11 

R-C-OH + H+A - 
k' R-C+ OH A+ ROH - 

k3 = R-C+ OH 
k2 k4 HO-R' 

RCOOR' R-C; OH 
I 

- H20 z '? H 

R-C-OH 
I 

OR' OR' 

Figure 2.3: Mechanism of proton catalysed esterification 

The rate-controlling step is thought to be the reaction between a protonated carboxylic 

acid and a compound bearing the hydroxyl group, giving the first intermediate. 

The strong change of polarity in the medium, to be expected as no solvent is used, can 

influence the concentration of the protonated species, and therefore the overall kinetics 

of the reaction. 

Metal derivatives such as organotin are found to be effective catalysts for direct 

esterification at high temperature, Ill however the mechanism and kinetics are far from 

well understood. Organometallic catalytic reactions are more complex when compared 

to proton catalysed reactions; a simplistic view supposes that metal compounds are able 

to form a complex with the substrate, inducing a positive charge on the carbonyl group. 

Although, many experimental results suggest a more complex behaviour, with exchange 

reactions between the metal ligands and compounds bearing hydroxyl or carbonyl 

groups. (3] 
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2.2.3) Monomer functionality and molecular structure 

The functionality of a monomer is defined as the number of linkages which the 

monomer is able to form with another monomer. Difunctional monomers typically 

contain two functional groups per molecule. It is important to distinguish between 

polymers formed from monomers containing different functional groups (A-B 

monomers), and those made from two or more monomers each possessing a single type 

of functional group (A-A and B-B monomers). Monomers containing a single reactive 

unit such as cyclic mono-anhydrides, behave like difunctional monomers. Monomers 

with more than two functional groups per molecule can be used to obtained branched or 

cross-linked chemical structures. The symbol F is used for the functionality of 

monomers. 

A very large number of monomers with functional groups suitable for the preparation of 

polyesters are commercially available. This makes the number of polymer structures 

which can be designed almost limitless using monomers with different chemical 

structures and fanctionalities in a suitable ratio. 

2.2.4) Monomer Choice 

The most used building blocks for polyesters are the diols, triols and the diacids or 

anhydrides, usually a mixture is employed; the diols and triols are the reactants used in 

excess to obtain hydroxyl-functional resins. The choice of monomer is made on the 

basis of cost and performance; monomers containing a higher number of CH2 groups 

such as adipic acid allow the molecule to move and rotate easily in relation to each 

other, and improve the flexibility of the coatings, whereas aromatic functionalitics in the 
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chain backbone increase the rigidity of the chain resulting in higher Tg. Polymer 

properties can be easily altered by changing the ratio of each monomer. 

It is important for coatings formulated for out-door applications to avoid or minimize 

components that absorb UV radiation at wavelengths longer than 290 nm or that are 

readily oxidized, this should increase the coating stability toward photo-induced 

degradation and maximize its exterior durability (see section 3.1). 

Polyols 

Polyols are selected on the basis of cost, rate of esterification, stability during high 

temperature processing (decomposition and discoloration), effect on Tg, rate of cross- 

linking, and hydrostability of their esters. However compromises are necessary. The 

structures of the common polyols are given in figure 2.4 

__, 
OH 

SON 

Neopentyl glycol 
NPG 

HO 
OH 

1,6- Hexanediol 
HD 

, OH 

-ý ZOH - 

OH 

Trimethylolpropane 
TMP 

HO OH 

Cyclohexanedimethanoi 
CHDM 

Figure 2.4: Common polyols used for polyesters resin 

The most widely used diol is NPG, and the most widely used triol is TMP which 

provides a branched structure. The hydrolytic stability of the ester of NPG and TMP is 
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better than those from less hindered glycols such as ethanediol or hexanediol. NPG (bp 

2300C) is volatile at esterification temperatures, therefore well designed fractionating 

and condensing equipment is required to allow the removal of water while minimizing 

the loss of NPG during processing at 220 to 2400C. 

Most diols start to decompose in the presence of strong acids at temperature above 

200OC; therefore organometallic catalysts are preferred to strong acid catalysts. 

Polyacids 

Most polyesters are made from a mixture of aromatic and aliphatic diacids. Aromatic 

groups provide rigidity to the polymer backbone whereas aliphatic chain increases its 

flexibility. The ratio of aromatic to aliphatic is a major factor that controls the Tg of the 

coating. The structures of the common diacids are show in figure 2.5. 

0 
Phthallc anhydride Isophthallc acid 

PA IPA 

HOOC 
COON 

Adipic acid 

0 
Trimellitic anhydride 

TMA 

0 Hexahydrophthalic anhydride 
HHPA 

HOOC COOH 

Azelaic acid 

AA AZA 

Figure 2.5: Common polyacids used for polyesters resin 

In general aromatic acid esters hydrolyse more slowly than aliphatic esters, unless there 

is anchimeric effect (effect caused by neighbouring group). Isophtalic acid (IPA) is the 

predominant aromatic used even though phthalic anhydride (PA) can be processed at a 

lower cost. The preference for IPA is based on the superior exterior durability of 
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coatings made with IPA polyester; this has been attributed to the greater hydrolytic 

stability of isoplithalie ester. [4] The half esters of plithalic acid are more easily 

hydrolysed than half esters of isoplithalic acid in the pH range of 4 to 8 (rain water has a 

pH in a range of 4 to 6). The difference in orthoplithalic polyesters is attributed to the 

anchimeric effect of the neighbouring carboxylic acid group which increases the 

catalytic effect of the acid on the hydrolysis of the ester. The advantage of plithalic 

anhydride results from its low melting point (13 1 OC) and the low reaction temperature 

that forms monoesters at about 1600C. IPA melting point is around 3000C therefore the 

process is more difficult and expensive as higher temperatures are needed for a longer 

period. Adipic acid is the most widely used aliphatic dibasic acid. In general the longer 

the aliphatic chain is, the better is the hydrolytic stability, however long chain acids 

such as azelaic acid and sebacic acid are more expensive and reduce the Tg. 

2.3) Acrylic Resins 

Hydroxy-functional acrylic resins are prepared from a mixture of methyl methacrylate, 

(MMA), Styrene (S), Butyl acrylate (BA) and a hydroxyl-functional monomer such as 

2-hydroxyethyl methacrylate (HEMA) for structures see figure 2.6. Such a monomer 

combination provides good exterior durability with a relatively high Tg, at moderate 

cost. Thermosetting acrylics are prepared by free radical chain-growth polymerisation. 

This process involves three types of reaction; initiation, propagation and termination (a 

fourth chain transfer also plays a significant role), see figure 2.7. 
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Initiation: 
i 

H 
I. + H2C=C 

X 
Propagation: 

HH 
I-CH2 ý" + H2C_ý 

Xx 

Termination: 

Figure 2.6: Common monomers for Acrylics 
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combination 
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Chain transfer: 
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I-CH2 Y-CH2 q" XX 
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H2 C-C-cH2 
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ý 

Where Y-H may be a solvent, monomer or polymer 

Figure 2.7: Chain 
-growth polymerisation 
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CH=X + H-Y-CHZ 
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., 

ý 

X 
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Initiation occur when an initiator (I) reacts to form a free radical (I-) which adds rapidly 

to a monomer molecule to form a second radical. 

The polymer grows by the propagation reaction, the addition of the monomer molecule 

simply results in the transference of the reactive site to the new chain end, which is then 

ready to add on another monomer molecule, propagation reactions are very fast, as a 

chain with hundreds of mers can grow in a fraction of a second. Thus very long polymer 

chains can be obtained in the earliest stages of addition polymerisation, in contrast to 

step growth systems where molecules of any length react together rather slowly so that 

long chains can only appear late in the process. 

The final stage is termination of the growing chain. Two common types of termination 

reactions are combination and disproportionation. 

The most important side reactions are chain transfer reactions, in which the free radical 

on the end of the propagating polymer chain abstracts a hydrogen atom to form some 

substrate Y-X present in the polymerisation reaction mixture. 

Azo initiators are preferably used since they cause relative few side reaction and form 

end groups with minimal photochemical reactivity. Some peroxy initiators also meet 

these requirements, but others leave end group that reduce exterior durability. [5] 

In general terms, thermosetting polyesters give coatings with better adhesion to the 

substrate and better impact resistance than thermosetting acrylics (TSA). However TSA 

give coatings with superior water resistance and exterior durability. The differences 

result from the presence of the ester linkage in the backbone of the polyester that Icads 

to increased flexibility but also make them more vulnerable to hydrolysis. 
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2.4) Silicone Modifled Polyester (SMP) 

Silicone coatings have unique and useful properties; they have excellent resistance to 

photo-oxidation and hydrolysis. In general, well formulated silicone coatings have 

better exterior durability than coatings formulated with polyester or acrylics resins and 

approach that of highly fluorinated polymers. They also exhibit a surface with low 

surface tension because the ease of rotation around the Si-O-Si bonds leads to rapid 

orientation of methyl groups at the surface. 

The combination of silicone with other coating resins has been developed to reduce the 

high cost of pure silicone coatings. Between 30% and 50% of silicone resin is a 

common degree of modification, less than 25% of silicone provides little improvement 

in exterior durability. Silicone modified polyesters are prepared by reacting silicone 

intermediates with hydroxy-functional resins. Silicone intermediates have silanol (Si- 

OH) groups which can undergo co-condensation reactions with hydroxyl groups on the 

resin to be modified, as well as self condensation with other silanol groups see figure 

2.8. The best catalysts favouring co-condensation reaction over self-condensation are 

titanate catalysts such as tctraisopropyltitanate 

R 
1 O-ýi-O 

OH 
+ polyester OH 

RR 
o-ý I-o--Si 

4R 
polyester 

Figure 2.8: Co-condensation reaction 

+ H20 
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Co-condensation reactions are easier to control when the reactive functional groups on 

the silicone intermediate are silylmethoxy (Si-OMe) rather than silanol groups. The 

intermediate also usually contain methyl and phenyl groups to improve compatibility 

with polyesters, in general high phenylsilicone-modified coatings increase the rigidity 

of the film. (6] 

Ph Ph Ph 
H3C0'Si -o-SI-0-SI'ýCH3 

CH3 CH3 CH3 

Figure 2.9: Idealized structure of a Silicone intermediate 

2.5) Melamine Formaldehyde Resins, (MF) 

2.5.1) Introduction 

Melamine formaldehyde resins are widely used to crosslink resins with hydroxyl 

functional groups. They have been widely studied as they improve chemical resistance, 

hardness and exterior durability of the coating, [7] Figure 2.10 gives the structure of 

melamine. 

T'N 

NIN , 
2 

Figure 2.10: Melamine 
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MF resins are made by reacting melamine with formaldehyde (H2C=O) and alcohol to 

yield ethers (>N-CH2-0-R), this reaction is called methylolation. Ethers of amino resins 

are activated by the neighbouring nitrogen atom towards nucleophilic substitution and 

therefore are much more reactive than aliphatic ethers. If a nucleophile such as a polyol 

is used, transetherification occurs under acidic conditions. This results in the formation 

of a cross-linked polymer. Also there can be a number of self-condensation reactions 

between reactive groups on 2 melamine rings. Both self and co-condensation reactions 

contribute to the overall structure of the cross-linked polymer network and to the film 

properties. 

2.5.2) Synthesis of MF resins 

The first step is methylolation, reaction of mclamine with formaldehyde under basic 

conditions (figure 2.12). With excess of formaldehyde the major product is hexa- 

methylol-melamine (figure 2.11 a) where R is H. With less than the stoichiometric 

amount of formaldehyde per mol of melamine, a mixture of partially methylolated 

derivatives is obtained, (figure 2.1 lb), where R is H. 

The second step is acid-catalysed etherification of methylolmelamines with an alcohol 

such as methyl or butyl alcohol. This yields alkoxymethyl derivatives figure 2.11 where 

R is alkyl. 

Many commercial MF resins are only partially etherified; they also contain self- 

condensation products (oligomeric species) in which triazine rings are linked by 

methylene (>NCH2N<) and dimethylene ether bridges (>NCH20CH2N<). The 

formation of self condensation products depend on process factors including pH, ratio 
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of reactants, rate of removal of water, and others. Acid catalysts favour the formation of 

dimethyl ether bridges where base catalysts favour the fonnation methylene bridges, 

Figure 2.11: Melamine derivatives 

Main reaction 
13 B-H 

Tr-NH2 + H2C=O --" Tr-NH-CHi-0- Tr-NH-CHrOH +B 

Side reaction 

Tr-NH-CHZ O+ HzC=O Tr-NH-CHz 0-CHZ OBH Tr-NH-CHZ 0-CHz OH +B 

Tr: Triazine ring 

Figure 2.12: Methylolation reaction 

2.5.3) Reaction of MF resins In coatings 

The hydroxyl group of polyols reacts either by transetherification with the activated 

alkoxy-methyl groups or by etherification of the methylol groups of MF resins to form 

new ether cross-links. 

R\ HA R\ 
N-CH-OR + A4 OH mc N-CH-Oe + ROH Tr/ 

Tr / 

Figure 2.13: Transetherification Teaction where R can be CH70R or 11. Tr is triazine 
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The reactions are reversible but driven toward cross-linking by volatilization of the 

monofunctional alcohol or water produced; as shown in figure 2.13. The reaction rate 

depends on the structure of polyol and MF resin, the type and amount of catalyst, and 

the temperature. Strong acid catalysts such as p-toluenc sulfonic acid (pTSA) are used 

to catalyse the reaction at high temperature (around 2300C). It is important to minimize 

the concentration of the acid catalyst in the formulation as the acid residues hydrolyse 

the cross-linkage in cured coatings, therefore decreasing the exterior durability. 

During the transetherification with polyols, reactions between MF molecules also occur. 

Formulations are designed to achieve optimum properties when cocodensation is nearly 

complete and self-condensation is partly complete. The balance between the two 

reactions affects coatings properties such as hardness, adhesion, exterior durability and 

impact resistance. 

Previous studies have shown the strong possibility that MF resins leads to a gradient of 

compositions and properties within the films, different layers in acrylic/MF coatings 

have different compositions. [8] It was found that Tg was as much as 150 C higher at the 

surface than in the film, and also cross-link density was almost twice as high near the 

surface. (9] The gradient was attributed to different reaction equilibriums at different 

levels in the film, due to the differing effects of alcohol escaping. Another possibility is 

that catalyst concentration may not be uniform within the film 

It is important to understand the effects of property gradient to fully understand the 

performance of MF resins. 
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2.6) Coil Coating procilce ess 

2.6.1) Introduction 

In the last thirty years the growth of coil coating technology throughout the world, has 

been a result of the high quality and cost effectiveness of this type of processing. 

Some advantages of precoated metal include; 

* Low production cost since the painting is done in a purpose-built factory. 

9 The environmental pollution is low because all emissions come from one plant, 

which is equipped to reduce these to a low level. 

* Finally the costs of good quality painting are reduced considerably. 

The coil coating process is an advanced technique involving the continuous application 

of an organic coating onto a metal surface (schematic drawing of a coil line is shown in 

figure 13). Aluminiurn and galvanized steel are the two main materials used in the coil 

coating industry, with galvanized steel being used more for architectural purposes. 

2.6.2) Coil Coating Line 

The surface of the metal is carefully prepared by several surface treatment processes 

and the film thickness is consistently controlled so that high quality products with high 

performances are produced in a continuous high speed process. The cfficicncy of the 

coil coating process is as dependent on oven conditions as the raw materials used in the 

formulation. 
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0 

1) twin de-coilers 

2) shear Strip joiner 

3) joining press 
4) pre-clean 
5) entry accumulator 
6) pre-treatment section and drying 

7) first coating machine (normally applies 

primer to face and lacquer or primer to reverse) 
8) first floater oven 
9 )first quenches 
10) dryer 

11) second coating machine top coat to face 

12) top coating machine - normally applies second 

coating to reverse 

13) second floater oven 

14) second quenches 

15) dryer 

16) exit accumulator 

17) protective film applicator 

18) shear 

19) re-coiler 

Figure 2.14: Schematic diagram of a Coil Coating line 

The metals are shipped from the steel or aluminium mill in coils weighting up to 25,000 

kg that are 0.6m to 1.8m wide and up to 1800m long. After the uncoiler and pre-clean 

(1,4) the metal strip goes to the accumulator (5). The rollers of the accumulator move 

apart to accumulate a significant length of coil so when one coil is about to run out, the 
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next coil can be stitched on while the accumulator rolls move together, supplying strip 

to the line without interruption. Then the strip is carried through the metal treatment 

area (6). Detergent or caustic washing and rising are followed by the application of 

various chemical treatments including phosphates, complex oxides and chromates, 

water rinse, and finally chromic acid or other rust inhibiting rinses. The process must be 

designed to work at high speeds, since the metal is often moving up to 120 m. min7l and 

can reach 200 m. min"'. The time for the cleaning and treatment is in the order of a 

minute. Then, the strip is carried to a dry off oven then to a first coating machine that 

normally applies primer to face and lacquer or primer to reverse (7) and to an oven (8). 

After quenching followed by drying (9,10), the top coat is applied (11) and the strip 

entry a second curing, quenching and drying process (13-15), After the exit accumulator 

(16) the strip is finally recoiled at the roll former (19) which then increases the material 

stiffness. 

2.6.3) Applications Technigues 

Coil coatings are almost exclusively applied by roller coaters. Figure 2.15 gives one of 

many possible arrangements. Low film thicknesses are achieved by running the 

application roller in the same direction as the strip; this is known as direct application. 

Higher build systems require the roller to move in the opposite direction of the strip, 

and is known as reverse application. The advantage of reverse roll coating is that the 

coating is applied by film wiping rather than film splitting. A smoother film is formed 

and the problems of levelling are minimized. The application roll is normally rubber 

and eventually becomes damaged by continuous contact with the edge of the metal 
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strip. Other application techniques include powder spray, electromagnetic brush and 

curtain coating, [10) although only the last has been used commercially. 

Incoming strip 

Figure 2.15: Reverse roll coater for coating both sides of coil stock 

2.6.4) Curing Oven 

The high line speeds require short dwell time in the ovens, commonly in the range of 15 

to 40 seconds. After a short initial period, hot air is directed over the coating surface at 

high velocity. The air temperature can reach 4000C. The temperature reached by the 

coating on the metal is critical as the film has to be properly cured; this cannot be 

directly measured, but is closely related to the metal temperature, which can be 

measured. The temperature considered most important is the peak metal temperature 

(PMT); for polyester the PMT is usually between 216-2320C and this can reach up to 

2500C for PVDF. In some coil coating lines, the strip passes over chilling rolls, 

however most pass through water quenching to reduce the temperature before the strip 

is rewound. 
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2.6.5) Coil coating cross section 

Coatings on aluminium are frequently single coats, but on steel, primer-top coat systems 

are more widely used. In this study, prepainted hot dip galvanized steel (HDG) was 

used; figure 2.16 shows a cross-section view. HDG consists of steel coated with zinc, 

and a small amount of aluminiurn is added to suppress zinciron alloy formation which 

would reduce the flexibility of the system. HDG provides good protection against 

corrosion, galvanized steel is widely used in construction and automobiles. Construction 

steel thickness is typically between 0.4-0.7 mm (1.0 mm in automobile), covered by a 

zinc layer between 5-25 gm thick. The pre-treatment layer is below I ýtm thick, followed 

by thin layer of primer about 5 pm. Finally the top coat thickness is about 20 ýtm. 

Figure 2.16: Cross-section of prepaintcd galvanised steel 

In order to increase adhesion and corrosion protection, the surface is prepared by a 

variety of chemical treatments, called conversion coatings. The aluminium in HDG 

migrates to the surface due to an incompatibility with zinc, and forms aluminium oxide 
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on exposure to the atmosphere that needs to be removed Therefore the metal is cleaned 

with alkali cleaners (sodium hydroxide, emulsifiers and chelating agents), which also 

remove dirt, grease and oils, pre-treatments are then applied. The most common 

conversion coatings for HDG such as Bonderite convert the zinc to zinc oxides and 

hydroxides. Other surface treatments containing chromate, manganese and nickel 

conversion coatings are also used. These treatments produce a precipitate on the surface, 

which forms a mesh of crystals that adhere tightly to the surface, and increase the 

surface area. Reference [I I] provides a review of the coating of surface treatment used 

for galvanized steel. 

After rinsing the primer is applied this penetrates into the crystal mesh, providing 

mechanical attachment to the surface attached to the metal. 

Previously the most widely used primers were based on low RMM epoxy resins 

(50OOg/mol) made from bisphenol A diglycidyl ethers (BADGE), the presence of 

hydroxyl and ether groups along the backbone chain provided a very good adhesion to 

the metal substrate. The high hydroxyl value of epoxy resins resulted in high crosslink 

densities and they provided excellent barrier properties to the primers which aided 

corrosion resistance. The only drawback was caused by the aromatic backbone that 

decreases the flexibility. Now most primers are based on high molecular weight 

polyester resins (20,000 g/mol) with low hydroxyl contents. These improve formability 

whilst maintaining corrosion resistance. 

The coating must be able to resist processes such as drawing, stamping and stacking. 

They should also be flexible, hard, abrasion and shock resistant, and at the same time 

durable and corrosion resistant. In general coatings must meet high performance 

standards. 
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2.7) Paint formulation 

Organic coatings are complex mixtures of chemical substances that can be grouped into 

4 broad categories. 

(a) Binders (resins and cross-linking agent) 

These are materials that; form a continuous film that adheres to the substrate, binds 

together the other substances, and that present an adequately hard outer surface to the 

coating. The binder governs to a large extent the properties of the film. 

The types of resin used in this project were based on Polyester or Silicon Modified 

Polyester (SMP) and Acrylic Technology. 

The resins were cross-linked with a mixture of hexa methoxy methyl melamine and 

methylated melamine formaldehyde with high imino content. 

(b) Volatile components 

These materials are liquids that make coatings fluid enough for application and that 

evaporate during cure. 

Types used in the formulation for this study include; Butyl diglycol, Solvesso 150 (a 

distillation mixture of aromatic compounds) and etboxy propyl acetate. 

(c) Pigments 

Pigments provide colour and opacity for the film. They also have some effect on 

application characteristic and film properties (see section). They are finely divided 

insoluble solids dispersed in the resin vehicle and remain suspended in the binder after 

film formation. 

The pigment used in this study are white Titanium Dioxide (Tiona 535) 

25 



COATINGS CHEMISTRY 

(d) Additives 

These are materials incorporated in small quantities to modify some property of the 

coatings. They include: 

" Matting agents that reduce the gloss of the coating (e. g. Syloid ED3). 

" Catalysts for the cross-linking reaction: PTSA (para toluene sulfonic acid) 

solution catalyst and Amine blocked PTSA solution catalyst (used for storage 

stability), blocked catalyst are only activated during curing. 

" Stabilisers such as Cabosil a silica structuring agent, that helps to avoid 

flocculation of the pigments. 

" Flow modifiers polyester flow aid (e. g. Dynoadd Fl) 

A standard composition for polyester resin is shown in the table below. 

Table 2.1: Standard composition of a tbermoset uscd in coil cggfing 

Name Quantity in grams Descri2tion 
Resin 44.58 (60% solids) polyester/ac lic 

Butyl Diglycol 6.51 solvent 
solvesso 150 6.6 solvent 
Tiona, 535 35.28 pigment 
Cabosil M5 0.2 silica structuring aid 
defoamer 0.25 silicon compound 

beetle BE 3747 2.64 hexa methoxy methyl mclamine 
Cymel 235 2.2 Methylated melamine formaldehyde 

with high imino content 
syloid ED3 6.5 silica matting agent 

Ethoxy propyl acetate 45 solvent 
Dynoadd FI I acrylic flow aid 

PTSA solution 0.06 catalyst 
blocked PTSA 

solution 
0.6 catalyst 
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CHAPTER III 
DEGRADATION AND DIRT PICKUP 

3.1) Introduction 

Coatings used for out-door application are subject to aggression from the atmosphere. 

Both aesthetic and functional properties are altered during weathering, depending on the 

overall exterior durability of the material. The most common chemical processes 

leading to degradation of a coating are; photo-initiated oxidation and hydrolysis 

resulting from exposure to sunlight (U-V and visible radiation), air and water. [12,13] 

These processes are enhanced in high humidity and high temperature environments and 

both are interrelated. [14,15) Rates at which these processes occur vary, depending on 

exposure sites, time of year, the coating composition and substrate. Many other 

atmospheric degradants such as ozone, nitrogen and sulphur oxide alter the chemistry of 

coatings and accelerate their degradation. Photo-initiated reactions that occur within the 

coating and their resulting products can cause discoloration, as reported in previous 

work, [16] with the formation of phenols in polyester systems, also crosslinking and 

yellowing in acrylic paint. The type of chemical changes that occur are highly 

dependant on the original chemistry of the coating however, some functional groups are 

known to absorbs easily than others. As an example, the ketone group readily absorbs 

UV light above 290 nm and should be avoided in formulation of coatings used for 

outdoor exposure. 
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3.2 Photo-Initiated Oxidation 

The absorption of UV by a polymer or other coating component produces highly 

energetic photo-excited states, initially singlet (spin paired system and short-lived) 

which are transformed to triplets (parallel spin system, long-lived and reactive). [17] 

Excited triplet states undergo bond cleavage of the polymer chains and yield free 

radicals. [18,19] Furthermore free radicals undergo a chain reaction with molecular 

oxygen (in the triplet ground state). This process is also known as auto-oxidation, and 

this leads to the formation of peroxide radicals (POO*), that abstract hydrogen from 

other polymer sites to produce hydroperoxide groups (POOH), and a new free radical. 

The hydroperoxide itself is photo-chemically unstable and become easily excited by 

absorbing UV light or by energy transfer. The weak 0 --- 0 bonds decompose to produce 

alkoxy (PO) and hydroxyl radical (HO'), which may react in various ways-, hydrogen 

abstraction, chain scission, rearrangement, etc... This means rapid chain branching and 

leads to the polymer degradation. 
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P* 
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POO- + P-H 
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POOH(P 
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Figure 3.1: General photo-oxidation of polyme 
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Essentially, all resins used in coatings contain some hydro-peroxides, as do most 

organic substances. Peroxides, ketones, and aldehydes are also formed during 

photoinitiated oxidation. Photolysis of ketones is described in figure 3.2. The reaction 

yields peracids, which are strong organic oxidants, and they may play a significant role 

in oxidative degradation. 

0 
11 Sunlight 

P-C-P ip 

000 
11 11 PH 11 P-C. + 02 P-C-00. - -- __ o- P-C-OOH + P- 

0 
11 ?1 P-C + POO. P-C. + POOH 
H 

Figure 3.2: Oxidation of Ketones and Aldebydes 

The absorption of UV light by the coating can occur at many sites, however some 

functional groups are more easily excited than others, they include; the ester linkage and 

the melamine ring (cross-linkage). Also in some cases the titanium dioxide pigment 

may become reactive. However the ability of melamine to degrade hydroperoxide has 

been reported in acrylic-melamine system. [20] 
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3.3) Hydrolytic Degradation 

Ester groups in the polyester backbone and ether groups in the melamine crosslinkage 

are prone to hydrolysis. Reaction rates are enhanced by acid and high temperature. 

Factors such as steric hindrance and solubility of a group placed near the ester linkage 

can influence hydrolysis. As an example an alkyl group increases the steric hindrance 

and reduce the solubility of water, hence reducing rates of hydrolysis. Some studies 

have shown that the resistance to hydrolysis of polyester is directly dependant on the 

water solubility of the diacid or diol used to make it. [21] Rates of hydrolysis are also 

influenced by neighbouring groups, as an example phtalate half esters, in which the 

groups are ortho to each other, are more easily hydrolysed under acidic conditions 

(during exterior exposure as the pH of rain water vary between 4 to 6), than isoplitalate 

half esters, where the groups are in meta position. Hydrolysis of the polyesters results in 

backbone degradation. However coatings formulated with acrylic resins are more 

resistant to hydrolysis, since the linkages are carbon-carbon bonds. Also acrylate ester 

side groups are very resistant to hydrolysis, owing to the steric effects of the acrylic 

backbone. 

Hydrolytic degradation of acrylic-melamine is reported to be accelerated by UV 

exposure. [223 This results from the increase of hydrophilic groups such as 

hydroperoxides, alcohols, ketones, and carboxylic acid, which are products of photo- 

oxidation reactions, and increase the water solubility in the coating. Photo-oxidation 

may also occur at specific sites to generate groups that are more susceptible to 

hydrolysis. 

Silicone modified polyester coatings that have a good resistance toward photo-initiated 

reactions, are subject to hydrolysis at cross-linked sites, where the silicone is attached to 

three oxygen atoms. [23] The electronegative oxygen facilitates nucleophilic attack at 
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the Si atom by water. Reactions and mechanisms occurring during weathering will be 

discussed in more detailed in chapter VIL 

3.4) Testing for exterior durability 
I- 

The best way to determine if a coating will be durable for some length of time in a 

particular environment is to apply the coating to the product and expose it in that 

environment to determine its lifetime. However exterior exposure can take a long period 

before failure is observed, therefore technologists have developed tests that accelerate 

the degradation processes and thereby accurately predict what type of failure will occur. 

Many laboratory devices for accelerating degradation are available; (24] lists a 

description of various devices with their advantages and disadvantages. The most 

popular machines in use are QUV machines from the QUV Company. The various 

devices irradiate the samples with UV light from fluorescent tubes, the main wavelength 

being controlled by varying the phosphors which coat the glass. Hence QUV-B 313mn 

or alternatively QUV-A 340 nm can be selected. The panels can also be subjected to 

cycles of water spray or high humidity. Although these tests are widely used, results do 

not correlate with actual exposure results. A general problem with accelerated 

weathering method is the difficulty in accelerating the cumulative effects of heat, 

radiation, and moisture uniformly, not to mention the effects of other atmospheric 

pollutants. Another criticism on the reliability of the results, questions the use of 

radiation with wavelengths less than 290 nm, which are highly energetic. Sunlight at sea 

level has no component below 300 nm as these wavelengths are absorbed by ozone. 

Hence high radiation can initiate reactions that cannot occur in real life exposures. As 
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an example a study of accelerated weathering devices on polyester-urethane coatings 

conclude that the exposition to artificial light resulted in the loss of isoplitalate groups 

which was not observed during outdoor exposure. [25] 

Exposure to natural sunlight can be accelerated by focusing the incident light using 

Fresnel reflectors. High intensity is achieved by reflecting sunlight from moving mirrors 

that follow the sun to maintain a position perpendicular to the sun's direct beam 

radiation. The test is carried out in the Arizona desert and denoted EMMA (Equatorial 

Mount with Mirrors for Acceleration) FRECKLE and Sun-10. [26] Furthermore 

periodic wetting with water spray introduce some moisture, also called EMMAQUA 

test. 

The ultimate test is the exposition in southern Florida, which has a subtropical climate 

with high humidity, temperature and sunshine level. The panels can be set at various 

angles to the horizontal with 50 being the most aggressive. 

3.5) Mechanisms in dirt pickup 

As little work has been done before, the literature concerning dirt pick up is very poor 

and the phenomenon is only mentioned in few articles. However the nature of the 

physical forces that hold a particle onto a surface is well understood and documented, 

but experimental verification is rare. 

Dust can be defined as a suspension of solid particulates in a gas, or a deposit of such 

particles. The dust transported in the atmosphere is generally smaller than 100ýtm, 

grains larger than 20ýtm settle back to the surface quite quickly when the turbulence due 

to a strong wind decreases. Smaller particles can remain in suspension for days or even 
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weeks unless washed out by rain. Long-range particles, those that can travel large 

distances, are mostly smaller than lOpm and more commonly are smaller than 2Am. 

(27] Dirt particles can be organic or inorganic in nature and include; earth's crust, 

smoke particles, sea salts, fungal spores, pollen, building dust, grease, human detritus, 

metallic particles, fibres, etc... 

The surrounding activities; industrial zone, road traffic and airport, have a big impact on 

the composition and concentration of the pollutant component. It has been shown that 

the dirt can be classified in two types, [28] the rural type and the urban type, with the 

latter containing more hydrophobic component. Dirt containing more than 20% of 

hydrophobic substances is classified as urban type and the dirt containing less than 20% 

of hydrophobic components is classified as rural dirt. 

Some particles (non-adherent) are easily removed by air movement or light washing 

whilst others are held strongly by physical or chemical interaction. For these particles 

hard cleaning or abrasion of the surface is required for effective removal. 

Electrostatic attraction and Van der Waals are the two main physical forces that can 

hold the particles strongly on a surface, the forces can be sufficiently strong to deform 

the particle or the surface, leading to an increase in the contact area and thus increasing 

the adhesion further. The degree of deformation will depend of the viscoelasticity 

properties of the surface and the dirt particles, which are in themselves temperature 

dependent. The forces can exceed the elastic limit of the polymeric materials and plastic 

flow results, if the coating can flow, the dirt particles can be pulled into the coating. 

Electrostatic forces are due to an excess of charge and on induced double layer (contact 

forces). An electrical double layer is a system, electrically neutral as a whole, in which a 

layer of positive force opposes a layer of negative charges and in which, layers of 

oriented polar molecules or polarised atoms are present. Such unequal charge 
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distributions are generally found at interfaces and surfaces, but not in the homogeneous 

bulk of the substances involved. Electrostatic charges on a coating surface can also be 

easily created by light radiation exciting outer shell electrons of atoms present on the 

surface. The ionised layers of the earth's atmosphere, which extends from about 40 krn 

to 200 krn above the earth's surface, are positively charged with respect to the earth. 

Clouds that are much nearer to the earth generally carry a negative charge at the bottom 

and a positive charge at the top. Therefore lower atmospheric dust appears to be 

negatively charged. [27] However electrostatic forces are reduced as humidity increases, 

high humidity will produce a thin film of water between the particles and the surface, 

This will give rise to capillary forces that increase the adhesion of the particle to the 

surface. Capillary forces increase as the radius of the particles decreases. 

The evaporation of liquid containing solutes from the surface can form salt bridges 

between the dirt and the surface, which can dramatically increase the adhesion. 

Dirt can also be held on the surface by chemical interactions including hydrogen 

bonding and chemical bonding between the particles and the surface. Usually, the only 

way to remove the dirt held by chemical forces is by abrasion of the surface. 

The major mechanism for dirt pickup in exterior paints involves the carriage of the 

particle to the coating surface by rainwater, the particle sizes are in the range of 

colloidal dimensions. [29] Such small particles can be carried by the water into the 

pores of the paint surface. This will be more pronounced for high porosity coatings, 

such as latexes or those formulated above CPVC (critical pigment volume 

concentration). [30] 

It is important to differentiate between dirt pickup controlled by surface free energy 

considerations and electrostatic interactions, and dirt retention controlled by the material 

glass transition temperature and the ambient conditions. 
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3.6) Adhesion and Surface Free Energy 

For the innovation of coatings resistant to the accumulation of dust and debris, it is 

important to fully understand the surface chemistry of a given material. Phenomena like 

wetting, adhesion, and many others need to be described. For instance the surface free 

energy of a solid determines if water will spread out on the surface, and the ease with 

which the dirt can be washed away from the surface may be affected. The physico- 

chemical processes occurring within length scales of the surface and interfaces are 

important factors concerning the type of interaction involved between the surface and 

the particle. Traditional surface chemistry questions need to be answered such as: what 

type of bonds occurs and how do they form at the interfaces? What are the 

corresponding changes in energy and how do they correlate with the chemical 

composition? Thermodynamics and interfacial processes such as the separation of two 

solid surfaces needs to be described. 

3.6.1) Contact Angle 

Wetting has traditionally been the standard method of analysing the energetics of solid 

surfaces. When a drop of liquid is brought into contact with a flat surface, the final 

shape of the liquid on the surface is an indication of the wcttability of the surface by the 

liquid or the wetting ability of the liquid on the surface. The final shape of the drop also 

depends on the molecular forces that exist within the liquid (cohesive), between liquid 

and solid (adhesive), and on the surface free energies of the solid and the liquid. 
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If cohesive forces dominate, the liquid will have a high surface tension and the solid 

will not be completely wetted out. If on the other hand adhesive forces dominate, then 

the solid will be easily wetted as the molecular adhesion between the solid and liquid is 

greater than the cohesion between the molecules of the liquid. 

Liquids with a low surface free energy will completely wet out a high energy surface 

but if the surface free energy of the solid is also low (e. g. organic solids such as waxes 

and polymers), only partial wetting will occur. The quantitative measure of the wetting 

process is taken to be the contact angle (0) which is the angle between the solid and the 

tangent to the droplet at the surface of the solid. Forces that hold the molecules together 

in a liquid are essentially of two types, dispersive and polar. 

Dispersiveforces also known as London forces or Van der Waals forces, are a result of 

the constantly moving electrons in a bond giving rise to a transient dipole which can 

interacts with others of its ilk. Dipole-dipole interactions as well as dipole induced 

dipole interaction should be included in the description. 

Polar forces arise from the presence of asymmetrical distribution of electron density 

within a molecule due either to a formal charge separation or due to different electro 

negativities. They include hydrogen bonding and more general acid-base interactions. 

The mechanical equilibrium of a liquid drop on a solid surface is determined by the 

balance of the three surface free energy vectors acting at the liquid-solid vapour contact 

line (figure 3.3). 
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The mechanical equilibrium is represented by the famous Young equation. [3 1] 

Figure 3.3: Surface free energy of a drop of liquid on a solid surface 

^Isl + 14v cos 0= )tv . Where 14v, -j%v and Pytl are the surface free energies, of the 

liquid-vapour, solid-vapour and solid-liquid interfaces respectively. 

Usually the term surface tension is reserved for liquids. Surface free energy is used 

mainly for solids. Even though a surface tension force is also present on a solid surface, 

its effect is overshadowed by the elastic forces in the solid. The fact that ̂ PI acts like a 

force is evident in the capillary rise of liquids surface under the influence of a surface 

energy gradient of the solid 

The units of surface tension for a liquid-vapour interface are mN. nf I and for the surface 

free energy or the liquid-solid and solid vapour interfaces, mJ. ff'. 

Several theories exist for the calculation of the surface free energy, including Fowkes 

method, Acid-base theory, and Wu method. [32] The choice of method will depend on 

the system analysed. For systems such as high energy surfaces like metal oxide or glass 

materials; the acid-base theory will give good results, whereas the Owens-Wendt 

method is more appropriate for non polar systems or low energy surfaces such as 

polymers. [33] 
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3.6.2) Owens-Wendt method for surface free energy calculation 

In this method the interfacial tension of each phase is separated into polar and dispersive 

components (Py =Y+ ý). [34] Both dispersive and polar intermolecular forces operates 

across the interface, therefore the solid-liquid interface can be expressed as; 

'YSL = 'YSV + 7Lv - 2(7sd * 10 ) Y2 
- 2(7sP *W) 1/' 

(3.1) 

Combining with the young equation leads to 

d*T d)'/l 1/2 

IyLv (cos 0+ 1) = 2(, ys L+2 (1Y's P* V) (3.2) 

from this equation, the components of the surface tension of the solid (and its total 

surface tension) can be obtained from the values of contact angles measured with at 

least a pair of testing liquids whose surface tension components (dispersive and polar) 

are known. The assumptions about the natures of the forces which act at the interface 

are controversial, in fact the magnitude of the polar effects which contribute to the work 

of adhesion is not always correlated with the magnitude of the dipole moments of the 

materials. However this method appears to give the best results for polymeric materials. 

3.6.3) Hydrophilic and hydrophobic surface 

Low surface free energy are also described as hydrophobic surfaces, this is when 

dispersive forces on the surface are predominant, therefore when water droplets are in 

contact with such surfaces, their contact angles with the surface is high and the liquid 

droplet tends to be spherical. 

In an opposite way hydrophilic surfaces, described as surfaces that "like" water, are 

high surface free energy systems, where polar forces are predominant. The water 

contact angle on such surfaces is low and the liquid tends to form a thin film on the 

surface. 
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3.7) Keys Factor in Dirt Pickup 

3.7.1) Influence of Glass transition temperature (Tg) 

The glass transition temperature of a thermoset paint is the mid point of the temperature 

range over which the polymer changes state, from a low temperature glassy material in 

which the polymer is hard and glass-like, into a more viscous (rubbery) state in which 

there is a greater free volume and the backbone of the polymer can rotate and move in 

relation to others, in short the paint surface becomes softer. Therefore this factor is also 

related to the surface hardness and tackiness. Previous studies have shown a good 

correlation between the Tg and dirt pickup for latex paints, (35] paints with high Tg 

have a greater resistance to dirt pickup. 

During out-door exposure if the temperature is above the coating's Tg the film is soft 

and the surface tacky, thus soot and dirt particles that land on the surface may stick 

strongly and might be chemically bonded, moreover the dirt can migrate into the film as 

the viscous component increases. Thus the Tg is an important factor as it affects the 

surface tackiness and hardness, hence a coating with high Tg above 350C is required in 

the first place to resist to dirt accumulation in a subtropical environment. 

3.7.2) Influence of Pigment Volume Concentration (pýirN 

The PVC is the volume of pigment in a dry film. Many properties of films change 

abruptly at some a particular PVC value reached as it is increased in a series of 

formulations. The PVC at which these changes occur is the critical pigment volume 
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concentration, CPVC. This is defined as that PVC where there is just sufficient binder 

to provide a complete adsorbed layer on the pigment surfaces and to fill all of the 

interstices between the particles in a closed-packed system. Below CPVC, the pigment 

particles are not closed-packed and the binder occupies the excess volume in the film. 

Slightly above the CPVC the pigment particles are closed packed, but there is not 

enough binder to occupy all of the volume between the particles resulting in voids in 

film and the porosity increases. 

The mechanical properties of a film show a maximum at CPVC concentration, (30] in a 

similar behaviour we can imagine the same trend for the dirt resistance. Above the 

CPVC the dirt can accumulate in the film pores, hence the stain resistance will decrease 

beyond the CPVC. 

3.7.3) Influence of Surface Free Energ 

The surface free energy (SFE) of a system has a major influence on whether or not a 

liquid spread on a solid substrate. Hydrophilic surfaces (surface that like water) are 

more wettable by water, droplets will spread over the surface with a high contact area 

forming a sort of thin film over the surface which may be more easily cleaned. A 

hydrophobic surface (surface that hate water) allows the droplets to keep a spherical 

shape allowing it to roll of the surface carrying away the dirt particles on its path. 

The surface free energy may affect dirt pickup in different ways depending on the 

nature of the dirt itself (organic or inorganic) however a low free surface energy reduces 

the coefficient of friction at the surface, it is well known that fluorinated resins have 

better dirt pick up resistance than other conventional resin. 
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3.7.4) Influence of the surface roughness 

The surface relief affects the adhesive strength of the particles onto the surface, and it 

depend on the particle size and the surface microstructure. For a big particle seated on a 

hydrophobic paint, a flat surface has a high contact area with the particle, thus it will 

give high adhesive strength. In contrast a fine rough surface decreases the contact area 

(see the lotus effect chapter 8). However very small particles can be stuck in between 

the gaps and be hardly removed by water droplets. Very large particles may not stick in 

the first place. 

For a hydrophilic surface the opposite may occur as rough surface have a larger contact 

area with water droplets, therefore the removal of dust and debris may be easier on a flat 

surface. 

3.8) Dirt Release Mechanism 

The dirt release mechanism explains how a foreign particle deposited on the surface and 

held with weak forces, is released when the surface is wetted. [36) 

This mechanism can only take place in the case of a deformable dirt particle with a 

hydrophilic character. 

As shown in the figure 3.5 the dirt release can take place by the rolling-up mechanism. 

For a dirt particle resting on the surface under water, the contact angle 0 at the surface is 

a result of the mechanical equilibrium of the three interfacial tensions bctwcen 

coating/water, coating/dirt and dirt water as shown in figure 3.4 and 3.5. 
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The Young's equation 
1311 

gives: 

JtW ' ""ý 'YCD + 7DW COS 0 (3.3) 

Dupre's equation [37) is the thermodynamic expression of the fact that the reversible 

work of separating the dirt and the coating surface must be equal to the change in the 

free energy of the system 

Wa ý-- W+ lb - 'YCD (3.4) 

But if the interfacial separation occurs in presence of water the expression becomes; 

Wa, w = Itw + Iýbw - 'YCD (3.5) 

Wa is the work of adhesion. After substitution of Apw from the Young's equation, the 

combination of the two equations gives: 

Wa = -Ibw (cos 0 +1) (3.6) 

The larger the work of adhesion, the stronger the dirt particle will stick to the surface. If 

the contact angle 0 is close to zero, the work of adhesion is high, as seen on the figure 

3.5, the particles have a larger contact area increasing contact forces, therefore the 

particle adheres strongly to the film. However if the contact angle 0 is close 1800, the 

contact area is reduced with the work of adhesion thus wetting by water can take place 

and the dirt is easily removed from the surface. The adhesion of diesel soot particle will 

be discussed in the section 8.3. 

In conclusion to reinforce the dirt release mechanism, the paint surface should be hard 

enough first to avoid the dirt particle sinking into the film and secondly to keep a 

contact angle close to 1800C so the work of adhesion is thus reduced. 
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Figure 3.5: Rolling up mechanism redrawn from reference r361 
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CHAPTER IV 
NATURAL & SYNTHETIC SELF CLEANING 

SURFACE 

4.1) Introduction 

It has been discussed previously the ability for a surface to resist the accumulation of 

foreign particulates is determined by both its physical and chemical properties. The 

surface free energy indeed plays a significant role, and will determine by which 

mechanism the dust is removed from the surface. 

Two contradictory principles lie behind the realisation of self-cleaning material, one 

will mimic the lotus effect with water contact angles approaching 1800C and the other 

where the water contact angle tends to zero. In the first scenario, dirt particles are 

picked up by spherical droplets rolling off the surface carrying them away. In the 

second case, cleaning can occur when a thin sheet of water running off a surface washes 

away loose dust. These contrasting approaches give the same result by creating a 

surface that exploits the dynamics of drop formation and wetting to maximize dirt 

removal, when the surface is doused with water. In theory both concepts sound simple 

but the mechanisms by which surfaces are soiled are in fact, very complex. First 

because the water itself is the main source of soiling and secondly in most cases after 

rainfall, water droplets localiscd on hydrophilic regions evaporates leaving behind its 

inorganic or organic contents with a strong adhesion to the surface. 

In this section different approaches were scoped to produce self cleaning surfaces and 

coatings with better dirt pick up resistance. They include surface modification, thin film 

and resin modification to improve the coating's physical properties. 
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4.2) A natural self cleaning system; the Lotus effect 

The Lotus flower is a symbol of purity in many eastern Asian religions. Tile self- 

cleaning property of water-repellent surfaces is called the lotus effect. The ability of the 

plant to remain unsoiled was carefully studied a few years ago. [38] 

The Lotus effect is based on the surface roughness caused by different rmcrostructures 

together with the hydrophobic properties of the leaf surface. Each leaf surface is 

covered in an array of tiny bumps between 5- 10 /im high and about 10- 15 /Jrn apart 

(figure 4.1). This uneven surface is itself coated with an epicutilar wax. This wax or 

cuticle is the interface between plants and their environment, it is composed of soluble 

lipids embedded in a polyester matrix forming crystals measuring around Inm in 

diameter, furthermore the wax by its nature is hydrophobic. It is the combination of' 

these two factors that gives contact angles with water droplets above 150". 

Figure 4.1: Contaminating particles on a regularly sculptured wing surface of Cicada 

orni, showing the decreased contact area between a particle and a rough surface. Bar: 

I pm. Taken from reference [38]. 
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Particles deposited on the surface are in general larger than the microstructure and rest 

only on the tips of the latter. Therefore the interfacial contact area is minimised. 

A particle is removed from the surface only if a stronger force overcomes the adhesion 

between particle and surface. The Lotus effect helps in two ways; first a rough surface 

minimises interfacial area and adhesion, secondly a hydrophobic surface allows the 

water droplet to roll off the surface with sufficient kinetic energy, carrying the dirt off 

the surface as seen in figure 4.2 and 4.3. 

a b 

Figure 4.2: The drawing summarises the connection between roughening and self- 

cleaning. While in smooth surfaces the particles are mainly redistributed by water (a), 

they adhere to the droplets surfaces in rough surfaces and are removed from the leaves 

surface when the droplets roll off (b), taken from reference [38]. 

The lotus effect is a very efficient defensive system against external pollutants in its 

natural environment, however if the plant is exposed to an urban environment, the self 

cleaning properties of the leaves will not last long. As the urban conditions are more 

extreme than natural conditions, aggression such as acid rain or diverse organic 

pollutants like surfactants or aerosols, will seriously deteriorate the epicutilar wax 
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resulting in irreversible damage, both surface morphology and hydrophobicity will be 

altered and furthen-nore lost, inhibiting the self cleaning capacity of the leaves. 

The lotus leaves are not the only natural self-cleaning surface, many other biological 

systems exist and exhibit such behaviour, including other plants such as reeds, tulips, or 

even the dragon fly wings; however all combine a fine microstructure and hydrophobic 

surface to produce a self-cleaning effect. 

Figure 4.3: A water droplet on the leaf of the Asiatic crop plant Colocasia esculenta 

absorbs particles of dirt as it rolls. In this picture taken by Barthlott's research team, [381 

we can also see the papillae on the cuticula. These papillae about 5 to 10 micrometres 
high are themselves coated by a fine nanostructure of wax crystals. 
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Figure 4.4: Water droplets on a wood surface treated with BASF's "Lotus Spray", 

which has made the surface extremely water-repellent, taken from reference [47]. 

Other companies arc developing surfaces with a controlled microstructure. The big 

challenge is to coat large surfaces with tiny microstructures. 

For the preparation of such structures, the first step is the production of a master 

structure having the required microstructure, which will later be copied in metal through 

an electro fori-ning process. A negative image of the structure is thus obtained that can 

be replicated onto metal foils. The metal foils are used as dies or stamps, and can be 

applied to a variety of polymers (see figure 4.5). Many other lithographic processes 

have been developed to realise the master structure. Fraunhofer Institute [48] has made 

it their field of expertise, their latest lithographic process is based on holography which 

gives extremely fine structures of only 100 nanometres in size. In this procedure a laser 

beam projects a sort of aerial image; this interference pattern is then applied to a glass 

pane coated with a photosensitive lacquer. A minute striped pattem is imprinted on the 

lacquer through exposure. The self-cleaning lotus effect is applied to surfaces in this 

way. 
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Figure 4.5: Mici-ostructm-c sti-Lictm-c pi-oduce from lithography Crom t-eljei-ctlcc [48] 

Another advantage of such microtextured surfaces is their optical properties; it is well 

known that some biological superdry" surfaces such as the butterfly wing reflects 

different colours depending on the distance between air gaps in the microstructure. 

Several research groups have developed colourful coatings combining uniformly spaced 

silica nanoparticles with a layer of fluoroalkylsilane. [47] 

Some critics about the performance of superdry materials pointed to the fact that their 

rough microstructure increases both the area to be cleaned and the complexity of dirt 

removal. The gradual accumulation of trapped debris into these corrugations will affect 

the anti-adhesive property and make the surface even harder to cleali than before it was 

treated. 

Another concern is their durability, natural systems possess growth and regeneration 

ability after being damaged by predators or other elements. In the same way a self- 

cleaning synthetic material should have a self-healing functionality, such as a built-in 

reservoir that should respond to surface abrasion by releasing additional polymeric 

coating where needed. 
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4.4) Preparation of high and low surface free energy systems 

4.4.1) Ion bombardment 

Surface modification can be achieved by using techniques such as plasma treatment or 

ion bombardment. Properties such as chemical functionality, surface texture, wcttability 

and adhesion have been enhanced using these techniques. [49-53) In these processes a 

high energy ion beam is irradiated onto the surface of a polymer in a reactive gas 

environment. First the bombardment of energetic ions on the surface breaks bonds of 

the polymer chain resulting in the creation of unstable chains. Secondly the formation of 

hydrophilic groups occurs by the interaction between unstable chains and oxygen gas, 

new hydrophilic groups such as -ýC-O)-, -(C=O)- and -(C=O)-O bonds are fon-ned. 

Thus, the contact angle with water is then reduced to 12' and 60 depending on the 

substrate treated. 

In this technique the change in contact angle is attributed to the formation of 

hydrophilic groups rather than to the change of surface roughness due to ion 

bombardment. [53] 
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4.4.2) Superhydrophobic and superhydrophilic surfaces 

The general route to realise the concept of water repellent coating surfaces is to 

introduce hydrophobic groups such as silicon or fluorine atoms onto the polymer 

backbone or to coat the surface with such functionalities. As described earlier the use of 

silicone-modified polyester increases the hydrophobic character of the surface. The 

deposition of thin films such as fluoroalkyltrimethoxysilanes has been widely studied; 

[54-57] however the largest contact angle obtained via these processes does not exceed 

1150. 

As discussed before the wettability of the surface is governed by the chemical properties 

and the microstructure of the surface, Furthermore the hydrophilic and hydrophobic 

characters are enhanced by fine roughness microstructure. A hydrophobic surface in 

which the contact angle is enhanced by slight roughness and is thereby larger than 150', 

is called superhydrophobic. Respectively a hydrophilic surface in which the contact 

angle is enhanced by slight roughness and is lower than 5', is called superhydrophilic. 

Such surfaces have been prepared on glass substrates by using a sol-gel method, this 

method requires high temperatures and therefore cannot be applied to polymeric 

materials. Transparent films with a water contact angle of 1650 were prepared by several 

research groups. [58-60] Such surfaces can even be treated by UV to produce 

superhydrophilic surfaces. 
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Method taken from reference [6 1] 

Firstly, the formation of the fine microstructure is obtained by forming a flowerlike 

structure; through coating the substrate with porous A1203 that is immersed into boiling 

water and heat-treated at 4000C to form the flowerlike structure with 20 to 50 nm petals. 

Secondly Fluoroalkyltrimethoxysilanes (FAS) are coated on the A1203 thin film with 

the flower structure and heat-treated up to 450"C; water contact angles on such surfaces 

are about 165'. This superhydrophobicity is due to the chemical effects of the fluorine 

and the enhancement of hydrophobic properties by the microstructure. Furthermore the 

heat treatment at temperatures higher than 5000C caused the thermal decomposition of 

the fluoroalkyl group in FAS resulting in the formation of hydrophilic Si02, thus the 

surface becomes superhydropbilic with contact angles smaller than 5'. 

4.5) Titanium dioxide film 

4.5.1) Photocatalyt! ecomposition of manic compounds 

Titanium dioxide is a frequently used material because of its many interesting physical 

properties including; good transmittance in the visible region, high refractive index and 

high chemical stability. It has many applications in optical coatings. [62-63] Particularly 

its photo catalytic properties are interesting for generating self-cleaning surfaces. 

TiO2 photo-catalysts have very good hydrophilicity and durability, irradiating Titania 

with light having a wavelength of less than 380 nrn produces photocatalytic reactions on 

the surface, causing adsorbed organic matter to oxidise and decompose. 

53 



NATURAL & SYNTHETIC SELF CLEANING SURFACE 

As the dirt is mainly inorganic in nature, it cannot be involved in the photocatalytic 

reactions, however the use of Ti02 applied onto a polymeric material may still produce a 

self cleaning surface by creating a chalking effect. Degradation of the film produces a 

chalked surface with very low adhesion and therefore allows inorganic dirt particles to 

be easily removed by wind or a light washing. The degradation process is enhanced by 

the interaction of photoexcited Ti02 with oxygen and water to yield oxidants, as shown 

in the figure below. 

Ti02 + light P Ti02*(e/p) 

Ti02*(e/p) + 02 Ti02' (P) + 02" 

Ti02o+(P) +H20 10 TiO2 + H" + HO- 

H+ + 02" o HOO 

2HOO* o H202+ 02 

Ti02. (e/p) + 
H202 o Ti02 +2 HOo 

Figure 4.6: Titanium dioxide photocatal3iic reactions 

Photo excitation of Ti02 results in promoting a low energy valence band electron into a 

higher energy conduction band, creating a separated electron (e)/ hole (p) pair. Electron 

capture by 02 (reduction) and the hole capture by H20 (oxidation) results in the 

regeneration of the ground state Ti02. This leads to hydroperoxy and hydroxy radicals 

formation, that can accelerate oxidative degradation. Because Ti02 is a semiconductor 

with a band gap around 3.0 eV, UV light with wavelength shorter than 400 nm can 

excite electrons. This means that even room light may be sufficient to help purify the air 

or keep the wall clean in the indoor environment. 
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4.5.2) Photo-induced superhydrophilicity 

The second important property, superhydrophilicity has only been studied recently. This 

effect has been discovered by accident in Toto Inc's laboratories. [64] If Ti02 is 

prepared with a certain percentage Of Si029 it acquires superhydrophilic properties after 

UV illumination. In this case, electrons and holes are still produced but they react in a 

different way. The electrons tend to reduce the Ti(IV) cations to the Ti(Ill) state, and the 

holes oxidise the 02- anions. In the process oxygen atoms are ejected, creating oxygen 

vacancies. Water molecules can occupy these oxygen vacancies, producing absorbed 

OH groups, which tend to make the surface hydrophilic. The longer the surface is 

illuminated with UV light the smaller the water contact angle becomes. 

There are many techniques available to produce nano-sized Titanium dioxide particles 

on the surface, each one has it own advantages and disadvantages. Only the most 

popular are outlined below. 

4.5.3) Metal Oxide Chemical Val2our Deposition (MOCVD) 

The basic step of MOCVD is the decomposition of volatile precursors at a suitable 

temperature whilst in contact with the substrate on which the desired thin film is 

deposited. Gaseous side products are easily eliminated. The reaction is carried out inside 

special reactors (thermal, plasma, laser, or photo activated). It is evident that precursors 

play a crucial role with their particular properties. 

The precursors must be present in appreciable concentration in gas form inside the 

reactor in order to assure a fair deposition rate. Also the precursors must be stable both 

thermally and towards moisture and oxygen to allow easy manipulation. However, they 
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must react under the deposition conditions. Precursors in the liquid phase are preferable 

(to solid phase) in that they offer more precise control of the evaporation rate than solids 

because the surface area of a powder cannot be controlled well. In this process, high 

temperatures are required for the formation of a good film with good adhesion, however 

many related techniques have been developed for the deposition of titanium dioxide 

with good properties onto thermo fragile polymeric material. [65-70) They include 

electron beam assisted evaporation, deposition by plasma or by RIF diode sputtering, 

[71] also laser ablation deposition (LAD) [72-76] and reactive ion beam assisted 

deposition (RIBAD). (77,78] In general these processes required special equipment that 

consist of a chamber usually maintained at low pressure, therefore their application is 

limited for the industry. 

4.5.4) Sol-Gel technique 

The deposition of titanium dioxide using sol-gel techniques has been widely studied, 

(63,79-83] most of the preparation routes found in the literature requires the 

annihilation of the gel at high temperature to produce the desire film with adequate 

physical property. Although, some sol-gel methods were designed especially for the 

deposition onto polymeric materials at a relatively low temperature, the resulting films 

obtained by these routes have very poor physical and mechanical properties. (84-871 

Burgos et al [88) have demonstrated the importance of pH on the reactivity of the sol, 

the densification and crystallisation of the titania, coatings, furthermore they showed the 

importance of humidity treatment for the production of a film with reasonably good 

mechanical properties. In this project a route developed by Badilescu and al was used 

[89] this will be described in more detail in chapter 7. 
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4.6) Use of organo-clay for the synthesis of polvester 

nanocomposites. 

4.6.1) Introduction 

The use of organoclay was investigate because of their relatively low cost, their 

versatility (ease and wide range of modification), and their remarkable physical 

properties improvement to a wide range polymer. (90-96] They are in general particle- 

filled polymers for which at least one dimension is in the nanometre range. 

Nanocomposites can be classified in three types, depending on how many dimensions of 

the dispersed particles are in nanometre range. When the three dimensions are in the 

order of nanometres, the type can be described as isodimensional. nanoparticles, such as 

spherical silica or alumina nanoparticles obtained by in situ sol-gel methods, [97] or by 

polymerisation promoted directly on their surface. [98] The second family consists of 

particles with two dimensions in the nanometre scale and the third larger, forming 

elongated structure such as carbon nanotubes (99] or cellulose whiskers, [100] which 

are extensively studied as reinforcing nanofillers yielding materials with exceptional 

properties. The last family of nanocomposites is characterised by only one dimension in 

the nanometre range, the filler is present in the form of sheets a few nanometres thick to 

hundreds or thousands of nanometres long. This type is gathered under the name of 

polymer-layered crystal nanocomposites, and consists of platelet-like structures such as 

clays in which polymer chains are sandwiched between ultra thin sheets of inorganic 

particles. They represent a good alternative to conventionally filled polymers, prepared 

with spherical nanoparticles, because the resulting nanocomposites lead to remarkable 
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property enhancements at relatively low loading, generally between 1-5 volume percent, 

compared to 20-30 volume percent for conventional fillers. [90] 

Table 4.1 summarise the physical properties enhancement for thermosetting and 

thermoplastic polymers. [ 10 1- 112] 

Table 4.1: Physical properties of polyMer-clay nano-composites 

Property Thermosets Thermoplastics 
- Tensile and Flexural Strength + + 

Tensile and Flexural Moduli + + 
Coefficient of Linear Thermal Expansion (CTLE) 

Heat Distortion Temperature (HDT) + + 
Glass Transition Temperature (Tg) + N/A 

Chemical Resistance + + 
UV Resistance + + 

Gas Permeability(02, C02, hydrocarbons) 
Water Permeability 
Surface hardness + N/A 

Adhesion + N/A 

Abrasion Resistance + N/A 

Rheology Control + N/A 
Stress Whitening N/A 

The layered silicates commonly used in nanocomposites belong to the structural family 

known as the 2: 1 phyllosilicates. Their crystals consist of layers made up of two 

tetrahedrally coordinated silicon atoms fused to an edge-shared octahedral sheet of 

either alumina or magnesium hydroxide (see figure 4.6). The layer thickness is around 

Inm and the lateral dimensions of these layers may vary from 30 nm, to several microns 

and even larger depending on the particular layered silicate. 
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The layers organize themselves to form stacks with a regular Van der Waals gap in 

between them called the interlayer or the gallery. Isomorphic substitution within the 

layers (for example, A 13-' replaced by Mg2+ or Fe 2+) generates negative charges, which 

are counterbalanced by exchangeable alkali or alkaline earth cations such as Na+ and 

Ca 2+; that are generally hydrated by water molecules. As the forces that hold the stacks 

together are relatively weak, the intercalation or insertion of small molecules between 

th e sheets is very easy. [ 113 ] 

In order to make these hydrophilic phyllosilicates more organophilic, the hydrated 

cations of the gallery can be exchanged with cationic surfactants such as long chain 

alkyl ammonium or phosphonium ions. Such modified clays or "organo-clays" have 

lower surface free energy and they are more compatible with organic polymers, which 

are able to intercalate within the gallery under defined experimental condition. 
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Figure 4.6: Structure of 2: 1 phyllosilicates taken from reference [ 114] 
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4.6.2) Nanocomposites Structures 

Three main types of composites can be obtained when layered clay is associated with a 

polymer, the structure will depend on the components used and the method of 

preparation. When the polymer is unable to intercalate between the layers, a phase- 

separated composite is obtained (figure 4.7a), the properties are the same as traditional 

microcomposites. 

Intercalated - (figure 4.7b) a structure in which a single (or more) extend polymer chain 

is sandwiched between the sheets resulting in a well ordered multilayer structure made 

of alternating polymeric and inorganic layers. 

Exfoliated or delaminated (figure 4.7c) in which the silicate layers are totally and 

uniformly dispersed in a continuous polymer matrix. Two complementary techniques 

are used to characterise these structures. XRD is used to characterise intercalated 

structures. In such nanocomposites the repetitive multilayer structure is preserved, thus 

the interlayer spacing compared to the spacing of the organo-clay used, shift the 

diffraction peak toward lower angle values. In the case of exfoliated structures, the 

diffraction peaks are not visible due to a much larger spacing between the layers or 

because the nanocomposite is no longer ordered. In this case TEM is used to 

characterize the morphology. 
-0ý: 

- - 1ý ) 1, 
, 

LAWored sUkats polyluor 

/\ 
(a) 
Phan upamted 
(Dilotooompoelte) 

(6) ý0... 
lutIrcalated ExtaLlatod 

inanooompoldie) (nnnommposital 

Figure 4.7: Nanocomposite-polynier structures taken from references [961 
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4.6.3) Gas barrier properties 

Clays increase the barrier properties by creating a maze of tortuous paths (figure 4.8) 

which retards the diffusion of the gas molecules through the resin i-natrix. The benefit of 

the formation of such paths has been reported in polyimide/clay nanocomposites [115- 

118]. A reduction in permeability of small gases such as 02, H20, He, C02, together 

with decrease in the thermal expansion coefficient was observed. Although the 

enhancement in barrier properties in well known, the dependence on factors such as 

relative orientation and dispersion (intercalated, exfoliated or some intermediate) is not 

well understood. The importance of gas barrier property will be discussed in chapter 8. 

1* 
Figure 4.8: Formation of tortuous path in PLS taken from references [ 119] 

comparison between conventional nanofiller and Polymer Layered Silicate 

I ___ __ - __ 
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4.6.3) Nanocomposites preparation 

The preparative methods are divided into three main groups according to the starting 

materials and processing techniques. [120] 

Exfoliation-adsoMtion: 

The organo-clay is exfoliated into single layers using a solvent in which the polymer is 

soluble. The polymer then adsorbs onto the delarninated sheets and when the solvent is 

evaporated or the mixture precipitated, the sheets reassemble sandwiching the polymer 

to form an ordered multilayered structure. This method has been widely used with 

water-soluble polymers to produce intercalated nanocomposites. [ 121,122] 

In situ intercalative pO. 1 
. Xmerisation: 

In this process the layered silicate is swollen within the liquid monomer or a monomer 

solution so the polymer formation can occur in between the sheets. Polymerisation can 

be initiated by heat or radiation. The pioneers for this technique are the Toyota research 

team. [101) 

Melts intercalation method: 

This method involves annealing, statically or under shear, a mixture of the polymer and 

the organo-clay above the softening point of the polymer. This method has been 

developed for polymers which were previously not suitable for in situ polymerisation or 

solution intercalation 
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CHAPTER V 
CHARACTERISATION OF UNWEATHERED 

PANELS 

5.1) Objectives 

The knowledge of the surface chemistry is very important and desirable, since the 

properties of the surface are very different from the bulk properties. Phenomena such as 

property gradient and surface segregation have been observed in previous work. [122'] 

As an example low molecular weight additives are able to migrate toward the surface, 

during the film formation and can cause important surface modification, affecting both 

the surface chemistry and morphology. [ 123 ] 

The surface morphology is very important as it can indicate preferential sites or areas on 

which particles can settle on the surface. Pictures of different surfaces may show the 

relation between surface roughness and dirt retention. 

The surface chemistry will indicate which functionalities or chemical groups are 

pointing out from the surface and via which groups the dirt is more likely to bind. 

In this study, the bulk chemistry of the panel will be determined by analysing the 

sample using Fourier Transform photo acoustic Infrared spectroscopy (PAS), and 

Fourier Transform Raman spectroscopy. These methods give information about the 

chemistry within the bulk at a depth between 5 to 10ýtm depending on the wavelengths 

and mirror velocity. These methods are complementary as some vibrations are Raman 

active and Infrared inactive and vice versa. Therefore a full chemical description can be 

obtained. 
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A more detailed knowledge of the surface chemistry was obtained using X-ray 

photoelectron spectroscopy (XPS), this is a surface-specific method that gives detailed 

information about the chemistry and organisation from the first few nanometres below 

the surface. The surface morphology was invcstigated using Scanning Electron 

Microscopy (SEM) which is generally combined with Energy Dispersive X-ray 

Spectroscopy (EDX) that gives a qualitative composition of the surface analysed. The 

theoretical background of all these techniques is given in the Appendix I 

5.2) Methods, 

5.2.1) Panel preparation 

The combination of resin, solvent and pigment used to make the pigment dispersion is 

called the mill base. A small amount of resin was mixed with the following two solvents 

Solvesso 150 (mixture of aromatic solvent) and butyl diglycol, then a silica structuring 

aid that helps to avoid pigment flocculation was added, the pigment and defoamer 

followed. The mixture was stirred for 15-20 min with a rotating metallic blade, and then 

placed into a mini motor mill, which consists of a screw rotating up to 5000 rpm 

pushing the paint into a chamber where metal beads smash down big pigment particles. 

Then the paint is reintroduced at the beginning of the cycle. The whole process was 

carried on until the appropriate coarseness (fineness of grind) was reached. After 

weighing the mill base the remaining ingredients were added; the melamine cross-liking 

agent, catalyst and the acrylic flow agent. Finally the paint was diluted to the correct 

viscosity with solvents. 
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The paint was then applied onto a hot-dip galvaniscd steel plate of approximately 20 cm 

in length and 10 cm width, precoated with an epoxy primer based on bisphenyl A 

diglycidyl ethers. The paint was drawn over the substrate with a 0.032 RDS bar that 

gives a thickness of 20 to 30 microns. The plate was then placed in an oven at 2800C for 

a period of 30-40s in order to reach a peak metal temperature of 2240C (the oven 

temperature and curing time may vary but the PMT was always measured), and 

quenched in a bucket of clean water. To check if the film was properly cured, the panel 

had to pass the MEK test, where a cloth soaked in a methyl ethyl ketone solution is 

rubbed over the surface. One double rub is defined as one forward and backward 

movement. A properly cured film passes 100 and 150 double rub. 

Coatings tested for dirt pickup resistance in this project were based on; Acrylic, 

Polyester and Silicone Modified Polyester resins, all these resins are hydroxyl 

functional and were cross-linked using melaminc-formaldehyde. The paints were 

formulated based on the standard polyester formulation given in table 2.1. Fourteen 

panels were prepared from several commercial resins shown in table 5.1 and sent to 

southern China for out-door exposure. 

Table 5.1: Composition of the-panels tested in China 

Exposure 
number 

Description 

CW6393 Thermosetting acrylic 
CW6394 Crodapol 1239 Standard Polyester + 5% Daikin hydrophilic additive 
CW6395 Crodasil SLI61/65 SMP Silicone modified polyester 
CW6396 Benester SL225 SMP Silicone modified polyester 
CW6397 Polymac 86C-1 998 (OH value 45) Isophthalic acid 
CW6398 Uralac 845 (OH value 35) adipic acid and phthalic anhydride 
CW6399 Crodapol 080 (OH value 145) phthalic anhydride 
CW6400 Crodapol 090 (OH value 65) 
CW6401 Dynapol L436 (OH value 18) isophthalic acid 
CW6402 Dynapol VP81 (OH value 35) hexa hydro phthalic anhydride 
CW6403 Crodapol 07A (OH value 65) 
CW6404 Crodapol 065 (OH value 265) phthalic anhydride and trimethylol propane 
CW6405 Crodapol 1239 (OH value of 50) phthalic anhydride 

I CW6406 I Crodapol 1239 and laminate with Polyethylene terephthalate 
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5.2.2) Apparatus 

Analyses were performed on 8 mm specimens punched out from the panels; 

Photo-acoustic Infrared spectroscopy was performed on a Nicolet 800 SX FTIR 

instrument, the samples were placed in a photo acoustic chamber scaled and flushed 

with helium. 64 scans were taken with a resolution of 4 cm7 1 

Raman spectroscopy scans were performed on a Nicolet 910 instrument, with a laser 

YAG source, 100 scans were taken with a resolution of 4 cm-1 

Scanning electron microscopy micrographs were taken on a JEOL JSM 6300 

instrument. The samples were gold coated, and analysed with a beam current of 15 eV. 

Surface free energies were derived from contact angle data of 3 liquids (Water, 

Diiodomethane and Formamide) measured using a Drop Shape Analysis (DSA) 10 from 

KRUSS Instruments. Kruss software was employed to calculate the final result using 

Owens Wendt theory. The sample temperature was maintained at 200C. 

XPS analyses were obtained from a Thermo VG scientific ESCALAB 250 spectrometer. 

A monochromatic source Al Kct X-ray source was used with an electron gun as charge 

compensator. A beam spot size of 500 pm diameter and a take-off angle of 900 were 

defined. The pass energy was set at 100 eV for the survey spectra and at 10 eV for the 

high resolution spectra of all elements. Peak analysis was carried out using the 

supplier's software, the quantitative surface analyses were calculated using the peak 

area of the high resolution spectrum, after background subtraction (Shirley baseline). 

NMR experiments were carried out on a Brucker AMX600, CDCL3 and D20 solvents 

were used. NMR was used for the structural investigation of the hydrophilic additive. 
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5.3) Results and discussion 

5.3.1) Standard polyeste 

The Infrared and Raman spectra of the standard polyester are shown in figure 5.1. The 

peak assignment is given in table 5.2. 

SEM micrographs of the surface are given in figure 5.2 
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Figure 5.2: SEM micrographs of standard polyester mag x 400 and x7000 respectively 

5.3.2) Thermosetting acryli 

The Infrared and Raman spectra of the acrylic samples are shown in figure 5.3. 

The peak assignment is given in table 5.2 and table 5.4 

SEM micrographs of the surface are given in figure 5.4 
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Figure 5A SEM micrograph of ac! 3ýlic mag x 3500 and x7500 respectively 

5.3.3) PET Laminate 

The Infrared and Raman spectrums of the PET laminate are shown in figure 5.5. 

The peak assignments is given in table 5.2 and table 5.5 

SEM micrographs of the surface are given in figure 5.6 

PET Laminate 

-Raman --infrared-I 

CL 

3400 2800 2200 
cm-1 

1600 

Figure 5.5: Raman and FT IR spectrum of PET laminate 
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Figure 5.6: SEM picture of PET laminate mag x4000 and x7500 respectively 

5.3.4) Silicone modiried polyester (Crodasil 

The Infrared and Raman spectrums of the SMP are shown in figure 5.7 

The peak assignments are given in table 5.2 

SEM micrographs of the surface are given in figure 5.8 
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Figure 5.8: SEM picture of SMP map, x 800 and x7500 respectively 

Additional infrared/raman spectras and SEM micrographs of the other samples can be 

found in Appendix 2. 

5.3.5) Peak assignments for Infrared and Raman st)ectrum 

Table 5.2: Assianments of Infrared Bands commonly found in the Snectra of polvester Resins 

Frequencies in cm-1 Intensity Vibration 
3850-3700 small OH stretch 
3080-3060 small CH stretch from melamine or aromatic ring 
2980-2960 medium CH stretch from alkyl chain 

1730 very strong C=O stretch carbonyl group from ester 
1650 small N-H bend 
1550 medium ring stretch from melamine 

1460-1480 medium alkane CH bending 
1350-1380 medium alkane CH bending 
1300-1290 medium benzoate C-OC stretch symmetric 
1130-1120 medium benzoate C-OC stretch asymmetric 
1070-980 small C-0 stretch of ester 
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Table 5.3: Assignments of Raman Bands commonly found in the Spectra of Polyester Resins 

Frequencies in 
cm-1 

Intensity Vibration 

3080 medium CH from mclamine or aromatic ring 
2960-2900 medium CH stretch from alkyl chain 

1720 medium C=O stretch carbonyl group from ester 
1600 medium C=C stretch from arornatic ring 

1450-1460 medium CH3 deformation 
1300 medium CH2 in phase twist 

1070 and 1030 medium ring vibration from ortho disubsituted phtalic 
anhydride 

1020-1000 medium doublet isophtalic ring vibration 
1080 medium C=O stretch from carbonyl group 

900-870 medium doublet ring breathing from melamine ( except for the 
lamicoat) 

600 strong and sharp ring deformation or O-C-0 bending group out 
plane deformation 

450 strong and sharp I alkyl chain expansion 

Systems containing phthalic anhydride have two characteristic bands in their Raman 

spectrum at 1070 cm-' and 1030 cm-1, these peaks arise from the Ortho di-substituted 

ring vibration, and they also have a singlet at 1080 cm-' from C=O stretch. 

All the formulations containing isophthalic acid have a characteristic doublet at 1020 

cm- I and 1000 cm-1, in their Raman spectrum arising from the ring vibration. Similarly 

in their Infrared spectra two peaks are observed, one doublet near 1100-1080 cm-1 and 

one strong peak at 1220 cm-1. 

Individual bands detected in each panels 

Table 5.4: Bands in Acrylic system 

Frequencic Intensity Vibration 
Infrared 

3020 
1950-1850 

1190 

medium 
small 
small 

Aryl-H stretch from styrene 
Aromatic overtone E 

C-0 single bond stretch 
Raman 

1740 
1120-1050 

strong 
sma 

C=O stretch from acrylate 
Styrene ring vibration 
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Table 5.5: Bands in PET laminate 

Frequencies in cm-1 I Intensity Vibration 
Infrared 

3430 small Aromatic overtone 
2900 small CH2 stretch form ethylene group 

2000,1950,1820 medium Aromatic overtone 
1580,1500 medium Aromatic ring stretch 
1450,1400 medium CH2-0 deformation 

1010 strong Aryl-H in plane deformation 
880 medium Aryl-H out plane deformation 

850,726 small Para disubstitued aromatic vibration 

Table 5.6: Bands in Dynapol VP8 I (hexa hydro phthalic anhydride) 

Frequencies in cm-1 Intensity Vibration 
Infrared 

1550 doublet strong Triazine ring vibration 
1450 medium CH2 scissors vibration 
1020 small C-C skeletal vibration from 

cyclohexane ring 
Raman 
1720 Very small C=O stretch 
800 small Ring breathing from cyclohexane 

chair form 

No peak at 3080 cm-1 in both IR and Raman because no aromatic acid was used in the 

formulation 
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5.3.6) Surface Chemistr 

XPS results are given in table 5.7 together with contact angle measurements 

Table 5.7: Surface element composition in percentage and surface free energy 

Ex No Resin System Water 
C 

Tg 
Od 

C 0 Si I F N S 

-dW6393 Acrylic 96 56 83 17 
CW6394 Std PE + HPLA 56 36 49 41.5 9.5 
CW6395 SMP (crodasil) 89 34 65 21.5 3.1 9.5 0.6 0.3 
CW6396 SMP (benester) 90 40 43.9 56.1 - - - - 
CW6397 Polymac 1998 83 35 76.8 23.2 - - - - 
CW6398 SN 845 77 24 76.2 23.8 - - - - 
CW6399 Crodapol 080 OH 145 86 20 76.4 23.6 - - - - 
CW6400 Crodapol 090 OH 65 85 48 76.4 23.6 - - - - 
CW6401 Dynapol LS 436 95 5 74.8 25.2 - - - - 
CW6402 VP 81 (Beckers) 86 28 82.3 17.7 - - - - 
CW6403 Crodapol 07A - 76.7 23.3 - - - - 
CW6404 Crodapol 065 OH 265 84 86 68.1 24.6 - 7.3 
CW6405 Std PE 82 33 76.4 23.6 - - 
ICW64061 Lamicoat 1 81 1 72 1 87.5 1 12.5 1- I- I- I--I 
Water CA: contact angle of a water droplet, Tg's value were given by manufacturer. 

The panel CW6394 (standard + Hydrophilic additive) contains 9.5% of silicon due to 

the composition of the additive being an organo-fluorine siloxane. However no fluorine 

is detected because as mentioned above the fluorine containing moieties are hydrolysed 

as soon as the coating is exposed to the environment. The surface contains almost as 

much oxygen as carbon which is what makes the surface hydrophilic. 

The system CW6395 based on silicon modified polyester (SMP) contains the most 

diverse range of elements including silicon, fluorine, nitrogen and traces of sulphur, the 

low silicon content is surprising as its percentage in the formulation is around 30%. 

For the other SMP (CW6396) no silicon is detected. These two observations are 

probably due to the flow aid agent masking the surface. Surprisingly a high content of 

oxygen is detected (56%, more than the content for the hydrophilic surface 41.5%), 
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however the surface is not hydrophilic. This indicates that a high content of oxygen on 

the surface does not always make it hydrophilic, it is the oxygen chemical state that is 

more important. 

For the panels CW6404 formulated with a high hydroxyl value polyester using 

Crodapol 065, unexpected fluorine is detected on the surface, this fluorine group may 

be easily hydrolysable to produce extra hydroxyl group. 

System CW6406, the laminate surface as a high carbon content 87.5 %, about 72% is 

expected from PET structure; the film may be orientated with the oxygen group 

pointing down from the surface, could also be explained, by the pick up of 

carbonaceous material from the atmosphere or by the effects of high temperature 

lamination on the outer surface. 

Segrezation phenomena: 

Segregation phenomena are universal in mixed systems; the surface of a mixture of 

small-molecules will usually be enriched in the species of low surface energy. Therefore 

the surface composition of the coating will rarely be the same as the bulk composition. 

The segregation of minor components such as the flow aid or the hydrophilic additive is 

confirmed by XPS quantitative results. Six out of fourteen formulations have almost 

exactly the same surface composition; around 76% and 24% of carbon and oxygen 

respectively. No nitrogen is detected from the melamine, this shows the flow aid 

migrating to the surface and masking other components, including the cross-linking 

agent. 

The DSA results confirm this phenomena as 8 systems have a contact angle with water 

between 82' and 90', which is very close. Some systems are silicone modified polyester 
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and therefore should give higher values for the contact angle with water, when 

compared to polyesters. 

Also the organo-fluoro hydrophilic additives migrate to the surface during curing, with 

its hydroxyl functional hydrophilic tail pointing out from the surface which increases 

the oxygen content. This additive also affects the surface morphology creating crater 

like structures. 

Lace composition Contact angle and sur 

Water contact angles are not always related to the surface composition. In theory high 

oxygen content should increase hydrogen-bonding sites for water molecules, hence it 

should increase the hydrophilicity, but this is not always the case. For example CW6396 

has 56.1% of oxygen at the surface and a contact angle of 90'. The hydrophilic surface 

(CA of 550) has 41.5% of oxygen and 9.5% of Silicone which should contribute to 

hydrogen bonding through the SiOH group. 

The knowledge of the formulation does not help to predict the surface chemistry. In 

contrast the complexity of the composition makes it difficult to anticipate the surface, 

Additives and minor components play important roles in the surface properties. 
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5.3.7) Comparison between coatings 

Standard polyester and standard + hydrophilic additive sample 

Both Raman spectra have exactly the same shape and peak intensity. The FTIR spectra 

show only little difference for the 3000-3600cm-1 region, assignable to hydroxyl group. 

The intensity is slightly higher for the hydrophilic system the ratio against the 2950 cm-' 

peak gives 0.47 for system 4 and 0.4 for system 3. This indicates higher hydroxyl 

content in the sample containing the hydrophilic additive, which agrees with the use of 

this additive that produces hydroxyl groups by the hydrolysis of Si-O-CF, HyR bonds. 

The SEM micrographs (figure 5.9) clearly show a change in the surface morphology, 

the hydrophilic additive creates small "craters" on the surface, indicating that the 

solvents break through a skin formed during the early part of the curing process. Tile 

sizes of the "craters" vary between 0.2[trn and 2.4ý, tm, about 10% are above I [LM, the 

mean size is about 0.5pi-n. The pigment appears to be closer to the surface for the 

sample 3 (figure 5.9 right), the TiO-, particles are clearly seen (arrows) in contrast with 

the hydrophilic panel where only few particles are observed. The additive affects both 

the surface morphology and chemistry of the resulting coating. 

1, () - 

Figure 5.9: SEM nlicrograph of hydroPhilic surface left and standard polyester i-ight both at 
Maw 0000 
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High hydroxyl value of 265(crodapol 065) and low hydroxyl of 65 (crodapol 090) 

The Raman spectra are exactly the same again. The infrared shows a difference for the 

3000-3600cm-1 region, the intensity is much higher for the high hydroxyl value 

fon-nulation compared to the low hydroxyl based paint. This agrees with the given 

hydroxyl value, the bulk contains more (free) hydroxyl, however the contact angle 

measurement does not show the same significant trend 83J) (265) and 84.90 (65). 

Therefore a resin with a high hydroxyl value does not necessarily makes a high surface 

free energy (lower water contact angle), which is contrary to what was expected. This is 

probably due to the flow aid, which segregates to the surface and masks the hydroxyl 

group. 

A near infrared experiment was run on both samples in order to see the difference in the 

hydroxyl region near 3500 cm- I. 

Figure 5.10: Near infrared spectrum of a low versus high hydroxyl value resin 
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It can be clearly see two different OH environments for the high Hydroxyl value 

formulation and less obviously one or two different OH environment for the low 

hydroxyl formulation. Also the hydroxyl concentration is higher (bigger area relative to 

the base) as expected in the hydroxyl rich resin 

Silicone modified polyester (SMP) Benester versus SMP Crodasil 

Both Raman and infrared spectra are relatively similar. The SEM picture in figure 5.11 

for the Crodasil shows a rough surface with the pigment particles clearly visible at the 

surface, in contrast with the Benester system, both coatings have similar Tg's and 

surface free energies, hence the difference in the surface roughness maybe a major 

contribution to any differences in performance. 

Figure 5.11: SEM micrograph left Crodasil at Mag 0000 right Benester at Mag x7500 
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Laminated coq6ng 

As expected the infrared and Raman are very different from the spectra of other 

coatings spectrum because the PET laminate is at the surface, all the peaks are assigned 

to PET structure as no information from undemeath the film is observed. 

The SEM (figure 5.6) Is very interesting as it shows a very smooth and flat surface 

compared to the other surfaces, the track left by the electron beam applied to the film at 

a higher magnification is clearly seen at a lower magnification as it has deformed the 

surface. 

Pigment 

The picture in figure 5.12 clearly shows Ti02 particles embedded in the resin the 

primary particles size is between 0.1-0.5[tm. This is approximately the normal size for 

this type of pigment particle used in coil coating. 

TiO, 

Figure 5.12: SEM micrograph left TiO, 
-piRment 

in (lie resin Mag x 9000 right pigment only 
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Crodapol 07A CW6403 

The SEM picture in figure 5.13 revealed small holes scattered across the surface due to 

the fon-nulation being above the CPVC (critical pigment volume concentration), there is 

not enough binder to fill all the volume between the pigment particles. Voids may also 

be caused by the evaporation of MeOH release by cross-linking reactions during the 

curing, however this may be local as this is not occurring in other pictures of the same 

panel. 

Figure 5.13: SEM picture of pol ester with hijAh porosity mag x7500 
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5.4) Surface modifier 
I 

5.4.1) Introduction 

As seen previously, the use of special additives in the formulation altered the surface 

chemistry and morphology of the coating during the curing process. In particular a 

hydrophilic additive (GH7000 from Daikin) was used to modify the coating surface 

(system CW6394). This additive consists of a low molecular weight organo fluoro 

polysiloxane polymer. 

A general structure of a modifier is given in figure 5.14 

NMR experiments were run on this additive to investigate its structure. 

Figure 5.14: Schematic structure of hydrophilic modifie 

The fluoroalkyl units have a low surface free energy, and this allows the modifier to 

migrate toward the film surface, the hydrophilic unit make the film surface hydrophilic. 

Finally the reactive unit usually a carbonyl or hydroxyl functionality, allows the 

modifier to be fixed on the polymer structure during the curing process in order to 

prevent loss by rain fall. 
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5.4.2) Results and discussion 

Proton NMR spectrum is given in figure 5.15 and the assignment in table 5.8 

Carbon 13 NMR spectrum is given in figure 5.16 and the assignment in table 5.9 

Fluorine NMR spectrum is given in figure 5.17 and the assignment in table 5.10 

Figure 5.15: 1H proton N MR 

Table 5.8: 
-1H 

Proton NMR in CDCI, relatif to tetrarnethyl silane 

Reference 
number 

- - - 
Solvent 

Chemical 
shift integration assignment 1 H nmr CDC13 1.6 - CH3-C-C-F 
3.5 10 -CH2-0-(R, H) Si-OH, 
4.1 2 -CH2-F 5.1 1 -CF2-C=C-H 
7.3 - CDC13 resonance 
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The proton spectrum show 3 major peaks, the biggest peak at 3.5 ppm correspond to the 

chemical shift Of -CH2-0-R, and may also correspond to a methylene group attached to 

the siloxane Si-0- group from the polymer backbone. The big integration number also 

indicate that other protons in a different environment may contribute to the signal such 

as silanol group Si-OH, and other hydroxyl functionality that are a part of the reactive 

units. The peak at 4.1 pprn correspond to the chemical shift Of -CH2-F and the peak at 

5.1 ppm would arise from -CF2-CýC-H. ) the hydrolysable units. 

Note that methyl group are present in a tiny amount, therefore may arise from an 

impurity 

Ma-l-, ve ýn lK 

I)),, ) 

ýl 

\)I 

11 -. - .---- -- --. --- 

Figure 5.16: 1 3C carbon NMR 

I 
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Table 5.9: 13C carbon NMR in CDC13relative to tetramethyl silane 

Reference 
number Solvent 

Chemical 
shift multiplicity assignment 

---T3-C-nmr CDC13 50.9 single 
- 

CH3-, -CH2- 
150 mhz 60.7-61.7 double_ 

_ -CH2-0 
76.7-77.1 CDC13 resonance 
82.4-83.7 double -CH2-F- 

116.8 CF3 
- 120.7 double:::: T -F2-C=C-H 

123.6 single CF2-C": C-H 

The Carbon NMR confirms the presence of the groups assigned in the proton spectrum, 

and also exclude functionalities such as carbonyl -200 ppm, the peaks near 120 pprn 

were assigned to CF2-C=C-H group instead of an aromatic ring because no aromatic 

protons were detected in the previous spectrum. 

-ýý': ,A-, ý * ve 1"-ýI;. ^I- -ý . ýIn. c, , I- 

-ý-i 
T 1-. --�--r r 

Figure 5.17: 19F fluorine NMR 

Al 200 22 1 
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Table 5.10: 19F fluorine NMR in D20 relative to tetramethvl silane 

Reference 
number Solvent 

Chemical 
shift multiplicity assignm nt _ 19F nmr D20 
-74 single CF3-CH- 

562 mhz -121 double -CF2-CfC 
1 1 

-214.4 single -CH2-F 

The fluorine spectrum shows three different environments. 

In this additive there are 3 different fluoroalkyl units that make the polymer migrate 

toward the surface and one of the units is highly hydrolysable, the -CF2-C=C-H. 

As the C-F bond are very strong and they make the other C-C-F bonds a lot weaker. 

Therefore the surface is activated when exposed to moisture. The silanol group or R-OH 

fix the additive onto the polymer as these groups can react with the melamine crosslink. 
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5.5) Conclusion 

The surface and bulk chemistry of unweather panels were successfully characterised 

using a variety of techniques. The multitude components of the coatings formulation 

affect in very different ways both the surface chemistry and morphology of the cured 

panels, even more their effects are hard to predict it, however phenomena such as 

segregation of minor component has been confirmed. Low molecular weight additives 

and components bearing silicon or fluoro groups tend to move toward the surface. The 

panel's surface is inhomogeneous, this shows that the surface of a cured coating 

contains regions that may have lower cross-linked density, low molecular mass, or even 

polar materials at the surface or between the highly cross-linked networks units. 
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CHAPTER VI 
ANALYSIS ON WEATHERED PANELS 

6.1) Methods 

6.1.1) Dirt Pick up test 

The panels described in table 5.1 were exposed at a 450 angle to the horizontal facing 

south, outside in Shenzhen south-eastern China for one year. The weather profile is 

given in the table 6.1. Two surfaces were analysed, an unwashed surface and a washed 

surface obtained by rinsing and swabbing with cotton wool to remove any loosely 

adhered particle. The unwashed surface represents the total amount of dirt and debris 

deposited on the coating surface during exposure and refers to dirt pickup. The washed 

surface is related to dirt retention; the amount of dirt that is strongly absorbed or fixed 

by the coating surface. 

Soiling of the surface or the measurement of dirt pick up was evaluated by colour 

measurement, which was carried out using a spectrocolourimeter. The difference of 

colour between an exposed and unexposed panel is referred to as the change in colour 

(AE) of the surface and this is related to the degree of surface soiling, low AE measures 

low surface contamination, (AE =0 when the surface remain clean). 

Some of the dirt was collected from a PET substrate cast with KBr rubbed into it prior 

to removal by brush. 

Table 6.1: Weather profile 

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
High Temp 19 19 22 26 29 31 _ 32 32 31 29 25 21 
Low Temp 11 12 15 19 23 25 25 25 24 21 16 12 
Rain mm 27.5 52.5 67.5 147.5 247.5 307.5 317.5 33.7 267.5 47.5 37.5 22.5 

Humidity% 1 78 1 82 1 84 1 84 1 86 1 87 1 84 84 83 79 78 1 77 
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6.1.2) Apparatus 

SEM micrographs and Energy dispersive X-ray (EDX1) analyses were taken using on a 

JEOL JSM 6300 instrument. The samples were gold coated, and analysed with a beam 

current of 15 eV, for the SEM images and carbon coated and analysed with a beam 

current of 10 eV, for EDX 1. 

EDX2 was taken on a JEOL 6300 JSM instrument, the samples were gold coated and 

analysed with a beam current of 10 eV. 

TEM experiments were performed on JEOL JEM 2010 instrument, the samples were 

placed on a carbon alloy grid, a voltage of 200 W was chosen with a working distance 

of 80 and 120 cm. 

XPS was performed on the same instrument described earlier; however a twin anode 

source Al Ka X-ray source was used for those samples, because of a charging effect 

that was hard to compensate for using the monochromatic source, due to particle 

contamination on the surface. 

Carbon, Hydrogen and Nitrogen (C11N) analysis were obtained on a Fisons Instruments 

DP200 series 2. 

Glass transition temperature (Tg) measurements were obtained from a Mettler Toledo 

Differential Scanning Calorimeter, DSC 821 instrument. The temperature range was set 

between - 10 to I OOT at I OC/min, around II mg of the coating was analysed. 
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6.2) Relation between dirt pick up and the glass transition 

temperature 

As mentioned previously the Tg is a very important factor as it controlled the surface 

hardness and tackiness, this is well demonstrated in the figure 6.1 where the system 

having the lowest Tg picks up by far the most amount of dirt. The loss of colour AE 

before and after washing the surface is given in the table 6.1. 

) 

k) 

909-101066-Stil 

Figure 6.1: Dirt retention after I year 

The worst panel with the lowest Tg is on the left, the middle panel is the unexposed 

panel and the one on the laminate system with the highest Tg. The top part of the 

weathered panel has been clean. 
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Table 6.2: Colour measurement after one year exposure 

Exposure 
No Resin 

Initial 
Tg 

AE 
unwashed 

AE 
washed 

CW6393 OH functional acrylic 56 9.7 2.5 
CW6394 Standard PE +HPLA 36 9.9 3.2 
CW6395 Standard SNIP 34 16.2 5.8 
CW6396 New SNIP 40 14.9 4 
CW6397 Durable PE 35 17.5 9.5 
CW6398 Low cost PE 24 21.2 13.9 
CW6399 High OH value 145 20 22.1 13.3 
CW6400 Polyester OH 65 48 18 6.8 
CW6401 Flexibilising PE OH 18 5 28.6 22 
CW6402 Superdurable PE OH 35 28 15 5.2 
CW6403 Polyester OH 65 19.7 11.6 
CW6404 V. high OH PE 265 64 17.6 3.3 
CW6405 standard PE OH 50 33 16.3 8.7 
CW6406 PE laminate 72 14.2 1.7 

After one year of exposure the five best coatings for dirt pickup resistance are in order, 

the PET laminate coating, the panel based on an acrylic polymer, the system using the 

hydrophilic additives, the system based on high hydroxyl value polyester and finally the 

panel based on silicone modified polyester. 

Variation of DEof Unwashed Panels after 12 Months Exposure with Tg 
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Figure 6.2: Plot of initial TR against AE unwashed 
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The graph in figure 6.2 shows AE unwashed plotted against the initial Tg (before 

exposure) shows the relation between dirt pick up and Tg, it can be seen that in general, 

coatings with the lowest Tg pick up more dirt especially for the ones below 250C, 

however few systems such as CW6400 and CW6404 have both high Tg but they pick 

up the same amount of dirt as coatings with lower Tg. 

Variation of DE of Washed Panels After 12 Months Exposure with Tg 
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Figure 6.3: Plot of initial Tg against AE washed 

For the graph in figure 6.3 a logarithmic line fits the points, this shows a good relation 

between the Tg and the AE washed, this graph clearly shows the effect of Tg on dirt 

retention, and it may also suggest the relation between Tg and the surface tackiness, as 

low Tg material absorb strongly anything that lands on its surface especially during hot 

weathering condition. From the two graphs the following conclusions can be stated; 

" Tg has a significant influence on the propensity of a coating to pick up dirt 

" Tg has an even greater effect on the tendency of a coating to retain dirt 

" And finally branched polyesters have better dirt pick up resistance than linear 

versions 
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6.3) Surface defects and dirt analyses 

6.3.1) Surface defect after weath 

SEM micrographs in figure 6.4 show lots of surface defects; cracks, craters and bumps. 

Dirt particles appear as white dots on the surface, the particle size is between Iýlnl and 

5pm for the majority, just a few particles above 5 pm are observed. This indicates large 

particles larger than 5ýtm adhere less to the surface, and are easily removed by rain or 

wind. Lots of cracks are observed, the width are between 3-4ýtni and the length call 

reach 120ýtm, it is not clear if an accumulation of the dirt occurs in the holes and cracks. 

Cracks can result from the thermal expansion and contraction due to temperature 

variation, they may also be caused by photodegradation and hydrolysis of the resin. 

Bumps in figure 6.4c appear to be frorn the resin itselt'l this detlect may have occurred 

before exposure. Some craters are observed no accumulation of particles is seen in 

these regions; however it is difficult to distinguish the pigment from dirt particles 

(fig. 6.4d). 

a 
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c) 

Figure 6.4: Exposed panels SMP formulation a and b magy. x 1500 c and d mag x7000 

Other micrographs in figure 6.5 and 6.6, also show that the dirt particles have different 

form and nature depending upon the surface; the hydrophilic surface tends to have oily 

patches filling up the holes. In contrast the PET surface is contaminated by crystalline 

like particles. Also fungi are developing on the surface of the SMP coatings (figure 6.6). 

In these pictures the dirt consists of numerous egg-shaped spores which are 

characteristic to mildew formation (the smallest spores are around I 00nm in diameter); 

by contrast granular particles of dirt are irregular in size and shape. 

Figure 6.5: PET surface majo, x9000 and dark patches on hydrophilic surface niaý, x800 
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Figure 6.6: Fungus on SMP surface mag x2000 and mag x7ooo 

6.3.2) Elemental analysis of contaminated surfaces and pollutant 

A variety of elements listed in table 6.2 was detected using XPS on the surfaces, to be 

certain of the nature each elements, more analyses were made on the PET substrate as it 

covers the polyester surface and minimized the total number of elements that could 

originate from the pigment in the top coat. 

Table 6.3: XPS elemental analysis of various exposed panel 
Element Semi-Gloss Laminate 

387 

Full Gins Laminate 

388 
Polyester/Melamine 

CW0397 

Unwashed Washed Unwashed Washed Unexposed Unexposed Unwashed 

C Is 53.2 59 52.1 83.0 87.5 77 47.1 52.4 

Ols 36.7 37 38.2 13.9 12.5 23 39.5 36.5 

Ca 2p 1.2 0.5 0.3 1.0 - - - 
N Is 0.7 0.8 0.8 0.8 1.4 1.5 

Si 2p 5.7 2.8 5.8 1.3 6.9 2.9 

Al 2p 2.6 0.2 2.7 - 3.6 2.8 

Ti 2p - - - 1.1 2.5 

Zr 3d 0.06 0.15 

S 2p - - - - 0.07 0.2 

Pb 4f 0.2 0.0 0.2 0.2 0.05 0.05 

Na Is - - - - 0.1 0.3 

F Is 0.2 0.7 
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The results clearly show that the dirt consists mainly of silicon and alurniniurn oxide. 

The titanium in the polyester sample is attributable to the pigment as well as the 

zirconium which is used to coat the pigment. The sodium and calcium source may be 

from water as both percentages increase after washing. The lead probably arises from 

vehicle exhausts and is carried by carbonaceous dirt, which is then readily adsorbed 

onto the paint surface. The source of sulphur and fluorine is difficult to identify as both 

contents increase after washing. 

EDX pictures of the some particles are shown in figure 6.7 and 6.8. 

Figure 6.7: EDX I pictures of the SMI! Tanel 
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In the figure 6.7, Titanium is detected on the surface, it originates From tile pigment in 

contrast with Titanium free dirt particles. A high content of silicon is also detected in 

the contarninant that is probably a Si02 or Aluminosilicate particles. Some trace of iron 

is detected from the small particle in the right comer. Tile oxygen window shows a 

slightly higher concentration of oxygen in both loreign particles, this indicates that the 

particles can comprise Si02, FC203 or Fe304, 

Figure 6.8: EDX images taken from the hydrophilic surface 

EDX2 images in figure 6.8 confirmed the organic nature of the oily patch adsorbed into 

the holes of hydrophilic surface. The carbon window's clearly shows an increase in 

carbon concentration in these regions, compared to the uniform background. 

Aluminiurn is present in tiny amount; in opposite to silicon which seems to be the main 

source of contamination however extra silicon can result from the hydrophilic additive. 
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6.3.3) Analysis of the dirt collected with KBr 

Organic component anglysis 

Carbon, Hydrogen and Nitrogen analysis on the dirt collected from the PET substrate 

with KBr indicated 0.33% of organic carbon in a sample collected from a PET sample. 

This is a very low content; however dirt on PET seems to be more inorganic. A higher 

percentage is expected from hydrophilic surface but this is very difficult to quantify. 

TEM analysis 

The KBr/dirt powder was dispersed in a solution of ethanol and placed in an ultrasonic 

bath for 10 minutes. A Carbon Hooley was dipped into the solution to collect a 

subsequent amount of powder, and then placed into the TEM chamber. 

Table 6.4: EDX quantitative analysis from TEM instrument 

Elements Weight Atomic 

0 51.12 70.08 
Na 0.33 0.31 
Al 10.85 8.82 
Si 12.01 9.38 
K 10.56 5.92 
Ca 1.75 0.96 
Ti 1.21 0.55 
Fe 5.46 2.14 
Br 6.73 1.85 

Totals 100.00 100 

The results in table 6.3 show once again the abundance of aluminium. and silicon 

elements in the collected dirt. Iron is present in significant quantities with Titanium and 

Calcium as well. Finally Sodium is probably coming from KBr salt. 

Diffraction rings of powder were obtained however they arise from the crystalline KBr 

salt no structural information on the dirt could be obtained. 
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6.4) Bulk analysis 

The results indicate that for the most durable coatings virtually no changes are observed 

in the IR spectrum of the exposed sample in comparison with that of the unexposed 

sample (figure6.9). 

e poe i e hl 
0, 

0, 
oý6 

-0.5 

04 

03 

0.2 

01 

0 

3900 3400 2900 2400 1900 1400 900 400 

wavonumber 

Figure 6.9: Infrared spectrum of the PET laminate 

The peak shape and intensities remain the same during exposure fir the major peaks. 

Small changes only occur for the peaks below 700 cm-', which correspond generally to 

an aromatic fing deformation. 
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The spectra of less durable systems (see figure6.10) show lots of differences in the peak 

shapes and intensities; the O-H stretching region (3400 cm-) is generally bigger, the 

main carbonyl band (1720 cm-1) splits and decreases in intensity; indicating at least two 

carbonyl groups in different chemical environments. The tfiazine band (1550 cm-1) 

splits and decreases in intensity as do other aliphatic regions (1480,1380,1300 cm-1 

etc ... ). Small new bands appeared after exposure around 1700-1620 cm-1 (listed in table 

6.4), also the N-H band at 1660 cm-1 peak is higher in intensity. This indicates the low 

stability of the binder towards photo-induced degradation of the ether and ester 

linkages, with the latter leading to the fori-nation of aldehydes or ketones. The reactions 

and mechanism will be discussed in more details in chapter 8. 

Figure 6.10: Infrared spectrum of the Croda 080 polvester 
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Table 6.5: New IR bands after exposition 

Wavenumber in cm 
3850-3710 

1730 
1715-1695 
1720-1705 
1700-1680 

Vibration 
OH stretch and water 

saturated ester carbonyl 
Aryl aldehyde 

Saturated ketone 
Aýyl7ketone 

For comparison the spectrum of an unwashed and a washed surface on PET was plotted 

in figure 6.11. The band intensities increased after washing the surface as expected, 

however no band corresponding to a dirt particle is observed as the peak intensity 

should decrease from an unwashed to a washed surface. Only a band at 2350 cm-1 

shows this trend, but this corresponds to C02 groups, probably present in the 

spectrometer. 

nwashed -washed 
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ý 0.7 
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Figure 6.11: Infrared spectrum of the PET laminate unwashed and washed surface 
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6.5) Surface Analysis by XPS 

Experiments were run on the same instrument described earlier; however a twin anode 

source was selected, as a charging problem hard to overcome happened when the 

monochromatic source was used. Additional charging was caused by the pollutants. 

A lower resolution is obtained from the twin anode source. Therefore higher FWHM 

(full width at half maximum) were selected for carbon and oxygen peak fitting. 

6.5.1) PET laminate (CW6406) 

This system consists of a special Polyester-melamine basecoat, laminated just after 

curing with a PET film. 

An ortho-hydroxyphenyl triazine UV blocking agent is incorporated in the film at 34% 

by weight of the formulation. Pure PET should have carbon and oxygen percentages of 

71.5 and 28.5% respectively. Differences may be from the orientation of the polymer or 

from the pick up of carbonaccous material from the atmosphere or the effects of high 

temperature lamination on the outer surface. 

-0-CH2 CH 2--in 

Table 6.6: Comparison of atomic percentage in PET surface and binding enemies 

Elements Unexposed% Unwashed % Washed % Binding energy (eV) 

c 87.53 49.21 57.64 285 
0 12.47 40.13 34.96 532.5 
N 0 0.76 1.04 400.9 
Si 0 6.35 4.12 103.1 
Al 0 3.32 2.11 74.9 
Ti 0 0.23 0.13 463.3*/462.2 
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The absence of nitrogen from the unexposed surface is indicative of the UV absorber 

being buried in the film to a depth greater than 5 nm. The spectrum of the unwashed 

sample reveals the nitrogen, probably due to erosion 

The carbon content increases by 8.4 % from the unwashed to the washed surface, as 

more is revealed, however the percentage after washing is about 30 % lower compared 

to the unexposed surface. 

The oxygen content decreases from unwashed to washed surface, due to the loss of 

alumino silicates and possibly some photo-oxidised material, After washing the 

percentage is almost 3 times higher than the unexposed value, the contribution from Al- 

Si oxides is obvious but the formation of hydroxyl and or carboxyl groups by photo- 

oxidation of the organic laminate is clearly a contributing factor. 

Nitrogen content increases by 0.3 % from unwashed to washed surface probably due to 

the UV absorber. Silicon and aluminium contents decrease due to the loss of alumino- 

silicates 

The silicon binding energy is close to the theoretical value for Si02 Of 103.1-103.4 eV; 

however the chemical state is more likely to be silicate Si04 (102.5 eV). The aluminium 

binding energy is close to the theoretical value found for some alumino-silicate 

compounds (Ref, Sillimanites: 74.6 eV). 

The titanium content decreases from unwashed to the washed surface; the binding 

energy is relatively high for this common element. However its source is from an 

external contaminant. 
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Table 6.7: Carbon peak fitting; binding energies (cV) and atomic percentage in PET 

Components C aromatic C aliphatic C-0 *C-O O-C=O *COOH 

Theoretical -0.7(59%) 0 0.9(22%) 3.3(19%) 

Unexposed -0.7 (45.4%) 0 (41.6%) 1.5(7.1%) 3.9(5.8%) 

Unwashed -1 (11 %) 0(34%) 
- - - 

1 (31%) 2.2(11.7%) 3.7(7%) 4.9(5.5%) 

W ashed -1.2 (6.4%) 340/(o) 6 ( 0.9(32%) 2.1 (14%) 3.4(6%) 4.6(7%) 

The carbon Is signal is fitted by 4 components before and 6 components after exposure 

(figure 6.12 and 6.13), one of the extra peaks is at a relatively high binding energy and 

can be attributed to the formation of carboxylic groups resulting from photo-oxidation. 

The other peak is around the binding energy of an ester groups, however the energy is 

slightly higher (0.3-0.6 eV). This indicates that this carbon ester has a higher positive 

charge than usual and may represent a binding site for a dirt particle. The differences 

between theoretical and experimental value on the PET film may afise from the UV 

additive incorporated in the film, however no carbon-nitrogen contribution is detected, 

and the previous assumption that the surface has picked up adventious aliphatic carbon 

compounds is reinforced. The aromatic carbon component is the most affected after 

exposure with a decrease of 30%, the aliphatic carbon component decrease only of 10%. 

The C-0 group increases by 24% after exposure; this is the product of the surface 

oxidation leading to the formation of oxygenated carbons. 
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Figure 6.12: Carbon-4 peaks-unexposed (PET) 
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Figure 6.13: Carbon 6 peaks-exposed (PET 

Table 6.8: Oxygen peak fitting, in PET 

Components Al-0 *O=C-O O=C-O* Si-O 

Theoretical 531.62 eV (47%) 533.22 eV (53%) 

Unexposed 532.3 eV (48%) 533.6 eV (52%) 

Unwashed 530.8 eV (11.1 %) 532 eV (36.6%) 533.1 eV (44%) 534.5 eV (7.9%) 

Washed 530.8 eV (10.9%) 532 eV (35.8%) 533.1 eV (43.1 %) 534.4 eV (110%) 

The oxygen peak fitting is relatively simple and indicates the binding energy of 

aluminium oxide at 530.8 eV (ref. A1203 BE 531 eV), and for Si-O at 534.5 eV. 

The oxygen signal is fitted by 2 components before and 4 components after exposure 

(figure 6.14 and 6.15), the two additional peaks are from aluminium and silicon oxides 

or alumino-silicates. 

0 0 

105 



ANALYSIS ON WEATHERED PANELS 

Ols 

0 

-100 
C-O* *O=C 

U) 
-200 

-300 

-400t 

-500 

2200 

2000 

1800 

1600 

1400 

1200 

800 

600 

400 

- --t- ' 200 
538 537 536 535 534 533 532 531 530 529 528 

Binding Energy (eV) 

Figure 6.14: Oxygen 2 peaks- unexposed (PET) 
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Discussion: 

The high resolution analysis confirms that important changes in the surface chemistry 

occur during exposure, carbon content drops dramatically and there is an increase in 

oxygen content. 

The loss of aromaticity can be explained by the hydrolysis of the ester linkages, 

resulting in the formation of the constituent diol and diacid. These being slightly water 

soluble could be washed away. However, this should happen in equal measure the fact 

that the aliphatic Carbon content drops only by 10% opens up the possibility for the 

carbon to be part of the dirt. The appearance of carboxylic group is caused by the photo- 

induced reactions occurring at the surface and within the few nanometres below (PA 

FTIR spectra show no change in the bulk), the degradation is then inhibited by the UV 

absorber as the nitrogen concentration increases from unwashed to washed surface, 

6.5.2) Hydrophilic surface (CW6394) 

Standard polyester/melamine system with silicon additive 

The carbon content of the unexposed sample is quite low and the oxygen content is high 

when compared to the spectra of the standard formulation. This indicates that the 

additive is silicon based and contains a lot of oxygen. More importantly the additive is 

sitting on the surface masking the underlying chemistry, 
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Table 6.9: atomic percentage and binding energies (Hydrophilic surface) 

Elements Unexposed Unwashed Washed Binding energy (eV) 

c 48.95 37.93 46.3 285 

0 41.51 47.87 42.8 532.5 

N 0 1.2 1.77 400 

F 0 0.17 0.15 686 

Si 9.54 8.38 6.27 103 

Al 0 3.6 1.26 74.5 

Ti 0 
1 

0.85 1- 1.39 458.9 
I 

As with the Laminate surface the carbon content increases by 8.4% from unwashed to 

washed surface due to the dirt masking the surface. As mentioned above the low carbon 

content on the unwashed panel may indicate that carbonaceous dirt sticks less well to 

this surface. 

The oxygen content decreases by 5% from loss of alumino-silicates on washing and 

similarly the aluminium content decreases. The binding energy matches the theoretical 

value for alumino- silicates. 

The nitrogen content increases slightly from unwashed to washed surface, indicating the 

source to be from the melamine ring. The absence of N in the unexposed surface but it 

appearance after exposure indicates the disappearance of the silicon additive from the 

surface during weathering. 

Silicon content decreases by 2% as expected due to loss of alumino-silicates, however 

the percentages of both unwashed and washed are well below the unexposed value, this 

confirms the disappearance of some of the silicon additive. 

Titanium content increases from the unwashed to the washed surface as more pigment 

particles are exposed to the surface. 
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Table 6.10: Oxygen peak fitting (Hydrophilic surface) 
Components AI-O Ar-C=O* Al-C=O* C-OH *O-C=O Si-O 

531 eV 532.1 eV 533.0 eV 533.9 eV 
Unexposed NA 22% 38% 29% 9.7% NA 

530.0 eV 531.1 eV 532.2 eV 533.3 eV 534.4 eV 

Unwashed 20% 15.6% 37% 16.6% 10.8% 

530. IcV 531.5 eV 532.6 eV 533.1 eV 534.8 eV 
Washed 11% 21.5% 34.4% 26.5% 6.6% 

The oxygen signal is fitted with 4 components before exposure and 5 components 

subsequent to it (figure 6.16 and 6.17). Aluminium. and silicon oxides match the binding 

energies found on the PET substrate around 530.8 eV and 534.4 eV respectively, both 

percentage decreases after washing the surface. 

Hydroxyl groups increase significantly from the unwashed surface to the washed 

surface; this may indicate a binding of alumino-silicates through the C-0 group and 

then the replacement by hydrogen from water after washing. Alternatively photo- 

oxidation and hydrolysis could be occurring. Carbonyl groups attached to an aromatic 

carbon have increased, possibly the removal of dirt has exposed more of this moiety 

The lack of ester oxygen for the exposed panels may be caused by a binding of the dirt 

through these groups, or as is more likely, it would be caused by their photo-induced 

hydrolysis 
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Figure 6.16: Oxygen 4 peaks-unexposed (Hydrophilic surface) 
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Figure 6.18: Carbon 6 peaks-unexposed (Hydrophilic surface) 
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Discussion 

The surface chemistry of this sample shows very little changes when compared with 

result from the laminate system. The silicon content is higher when compared to the 

laminate (6.3 and 4.1% respectively); however, as mentioned previously the 

contribution of the additive is the main source. There is virtually no differences in 

carbon and oxygen composition, however this sample pick up more carbonaccous dirt 

than other. The carbon peak fitted for the exposed panels is unusually broad and 

complicated (figure 6.18 and 6.19), this is generally caused by the charging of the 

surface, other experiments on the same sample gave similar results. The tendency of this 

surface to pick up organic material may explain the carbon peak's shape. This will be 

discussed in more detail in section 6.6. 

6.5.3) Very High OH Value Polyester (CW6404) 

Polyester/melamine system, based on polyester with a high hydroxyl value achieved 

through a highly branched backbone. 

Table 6.11: Atomic percentages (High Off PE) 

Elements Unexposed Unwashed Washed 

c 68.12 46.18 53.25 

0 24.64 42.44 37.9 

F 7.25 - - 
N 1.64 1.23 

F 

At 3.2 2.31 

Si 6.11 4.93 

Ti 0.43 0.37 
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In a similar way to the two previous samples the carbon content increases by 7% 

between the unwashed and washed surfaces, due to some dirt being removed. The 

oxygen content decreases by 4.45% for the same reason that is the dirt consists mainly 

of alumino- silicate. 

The reduction in the concentration of aluminium and silicon during washing is equally 

consistent with this proposal. 

In contrast to the previous sample the nitrogen content decreases slightly between 

unwashed and washed surfaces; the binding energy indicates that the source is the 

melamine crosslinker. Similarly the titanium content decreases between the unwashed 

and washed surfaces as more pigment particles are washed off the surface. This 

phenomenon could be due to a reduced durability of the high hydroxyl value polyester 

making the particles of titanium less well held by the binder. The higher hydroxyl value 

may encourage more rapid hydrolysis of the melamine crosslinker, however the 

differences are small and need to be repeated before hard and fast conclusions can be 

made. The fluorine disappears completely from the surface during exposure, indicating 

some surface erosion. 

Table 6.12: Carbon peak fitting binding energies and percentages (High OH PM 
Components C aromatic C aliphatic -C C-0 C-O-(H, irt) dil C-F O-C=O 

Unexposed NA 0(39%) 0.8(22%) 1.7(24.2%) 2.7(3.9%) 4.1(10.8%) 
Unwashed -1.1 (15%) 0(43.7%) 1(23.6%) 2.5(9.7%) NA 3(9.7%) 
Washed -1(16%) 1 0(46.6%) 1 1.2(21.8%) 1 2.7(7.7%) NA 4,1 (7.3%) 

For the unexposed panel, the carbon signal was fitted with 5 components (figure 6.20 

and 6.21). An unusual peak occurred at +2.7 eV which corresponds to the binding 

energy of fluorocarbon functionality, this agrees with the presence of fluorine detected 

on the surface. For the exposed panel the signal was again fitted with 5 components; 
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one component was at the same binding energy as fluorocarbon but could not be 

assigned to this group because no fluorine was detected on the surface. No aromatic 

carbon was detected before exposure, probably due to the absence ofaromaticity in the 

flow agent covering the surface, and reinforced by the fluorine containing species that 

has also migrated to the surface. 

After exposure the flow additive and the adventitious fluorine compound have been 

removed revealing some of the polyester. Alternatively, there could be aromatics in the 

carbonaceous dirt. The increase is aliphatic carbon content and reduction of carboxyl 

content on washing support the hypothesis of photo-oxidation, the products of which are 

removed by mild wet abrasion. The results also support the idea that carbonaceous dirt 

particles are drawn into the surface. Carbon attached to hydroxyl group is the most 

affected with a decrease of 15%, the binding energy of the C-OH groups also increases, 

probably showing a binding site for the dirt. 
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Figure 6.2 1: Carbon 5 peaks-exposed (High OH PE 

Table 6.13: Oxygen peak fitting binding energies and percentagges (Hi-gh OR PE) 

Components *O=C-O OýC-O* Al-0 Si-O *O-CF 

Unexposed 532.1(37.3%) 533.4 (54.6%) 534.9(9%) 

Unwashed 531.9(35%) 533(45.7%) 530.5(9%) 534.3(10.2%) 

Washed 532(37.9%) 533.1 (42.3%) 530.6 (8.2%) 534.3(il. 5%) 

The oxygen signal is fitted with 3 components before exposure and 4 components 

subsequent to it (figure 6.22 and 6.23). The oxygen content ftom the carbonyl groups 

stays relatively the same before and after exposure. The oxygen group from the ester 

linkage is the most affected by a decrease of 9 and 12% after exposure. The oxygen 

linked to the fluorocarbon disappears in accordance with the other quantitative results. 

The silicate material also seems to be embedded in the surface with the preferential loss 

of ester groups. 
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Figure 6.22: Oxygen 3 peaks-unexposed (High OH PE) 
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After exposure little oxidation appears to have occurred on the surface compare to 

others surface. 
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6.5.4) AcLrylic (CW6393) 

Table 6.14: Atomic percentage (AcryLic-) 

Elements Unexposed unwashed washed 

c 83 36.25 57.69 

0 17 48.8 33.61 

N 2.31 2.46 

Al 2.88 1.14 

Si 5.37 2.87 

Ti 4.4 2.23 

As before the carbon content increases after washing however more significantly than in 

other samples (20%) however the percentage is well below the unexposed content 

(-23%), this indicates important surface oxidation during exposure. 

The loss of alumino-silicate decreases the oxygen as in previous cases however the 

content drops significantly by 15%, In a similar way both percentages of aluminium 

and silicon are considerably reduce after washing. 

These unusual changes together with the high content of titanium indicite important 

chalking of the surface, the pigment particles are loosely adhered to the surface and 

easily removed after washing, removing substantial amount of dirt. 

Aluminium content decreases by 1.74 and silicon content decrease by 2.8% both values 

are higher than in previous cases. 

Table 6.15: Carbon peak fitting binding energy and percentage (Acrylic) 
Components C aromatic C aliphatic C-0-Car C-O-C=O -O-C=O cooll 

unexposed -1.1(5.4%) 0 (25.4%) 0.9(53.2%) 2.3(10.2%) 4.5(6.2%) 

unwashed -1.1(8.3%) 0(25%) 0.9(37%) 2(14.2%) 3.4(7.5%) 4.8(8%) 
Washed -1.2 (8.6%) [0 (36.7%) 1 1.1 (29.5%) 1 2.4 (12.9%) 3.8(8.2%) 5.2(3.7%) 
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Carbon Is signal is fitted with 5 components before and 6 after exposure (figure 6.24 

and 6.25), the extra peak is at a high binding energy and can be attributed to the 

forination of carboxylic group. Aromatic carbon percentage increase slightly, the source 

may be from some organic dirt, carbon from ester linkage to aromatic carbon is the most 

affected after exposition. 
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Table 6.16: Oxygen peak fitting binding, energy and percentage (Acalic 

Components Al-0 O-CýO* Cal-C -0* C-O* Si-() 

Unexposed NA 531.3 (22.4%) 532.4 (55.6%) 533.7(22%) NA 

Un iashed 530.45 (23%) 531.75 (23.5%) 532.75 (26%) 533.65 (19%) 534.65 (8.5%) 

W ished 530.7(16.5%) 531.8 (18.7%) 533.1(44.2%) 534.4 (18.7%) 

oxygen signal is fitted with 3 components before and 5 after exposure (figure 6.26 and 

6.27), only 4 after washing but the high content of hydroxyl oxygen may include some 

oxygen from the carbonyl group. Oxygen linked to silicon is surprisingly high after 

washing, and the O-Al decreases as expected 
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Figure 6.27: Oxygen 4 peaks exposed (Acrylic 

The surface chemistry of this sample is highly altered by photoý-oxidation of the surface 

which is reinforced by the photo-activity of the pigment that produces a chalking 

surface, alumino-silicates arc thus cfficicntly removed atler washing. 
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6.5.5) Crodasil (CW6395) 

A silicone modified polyester-melarnine system, 

Table 6.17: Atomic percentage (Crodasil) 

Elements Unexposed Unwashed Washed 

c 65.04 44.55 46.95 

0 21.54 42.37 40.91 

F 8.54 - 
N 0.58 0.77 1.03 

S 0.28 - - 
Si 3.11 9.21 8.8 

Al - 2.73 2.32 

-Ti 
0.37 

As in previous samples, the carbon content increases slightly after washing, however 

the percentage is relatively low compared to the unexposed value (- 20% less). 

The oxygen content decreases slightly after washing. After exposure the oxygen content 

is almost doubled, this indicates some oxidation of the surface. 

The fluorine disappears completely after exposition, 

The nitrogen from the melarnine increases as expected. 

Both Silicon and aluminium drop slightly afler washing. 

The carbon peak fit for the exposed panels is unusually broad and complicated (figure 

6.29 and 6.30), this is generally caused by the charging of the surface; however other 

experiments on the same surface gave similar results. SEM micrographs on this surface 

reveal the formation of fungus and mildew and this may be the cause of the complicated 

spectrum on this particular surface. 
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Table 6.18: Oxygren peak fittingg, binding energy and percentage (Crodasil) 

Components *O=C-O O=C-O* Al-0 Si-O O-CII, 
Unexposed 532.3 (63.6) 533.7 (31.5%) 534.9 (4.9%) 

Unwashed 532.2 (37.9%) 533.2 (41.6%) 530.8 (8.9%) 534.4 (12.3%) 

Washed 532(41.5%) 533(39.4%) 530.6 (10.8%) 534.4 (8.9%) 

The oxygen signal is fitted with 3 components before exposure and 4 components after 

(figure 6.28 and 6.29). The extra peak in the unexposed is from oxygen bound to a 

fluorocarbon, which disappears after exposure as no fluorine is detected. Oxygen from 

carbonyl groups decreased significantly after exposure whereas Oxygen from the ester 

group increases. 
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Figure 6.28: Oxygen 3 peaks-unexposed (Crodasil) 
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6.6) Differential charging-in weathered panels 

The unusual broadening of the high resolution carbon peak, which occurs when 

analysing the hydrophilic and one SMP sample, was thought at first to be caused by a 

charging effect sometimes encountered when analysing polymeric surface. However 

after carefully studying the entire narrow spectra another explanation is possible. 

When the surface is bombarded with X-rays, photo-emission take placa As the electron 

are leaving the surface charging occurs, and positive charges are left on the surface, 

those charges can be uniform or not across the analysed surface, creating zone with 

higher charge density. Positive charges across the surface will slow down emitted 

electrons, thus affecting their kinetic energy and indirectly the binding energy, creating 

unusual peak shapes on the narrow scan. Differential charging is more likely to arise in 

experiments where the monochromatic source is used; when an electron flood gun is 

used to compensate the charge, than when experiments are carried with the twin anode 

source, especially on the exposed panels. This is because the production of X-rays is 

quite different. For the twin anode source the X-ray beam hits a window that produces 

electrons which irradiate the surface together with the X-ray and therefore naturally 

compensate the charge. Therefore for all experiments carried on the weathered panel, 

the twin anode electrode was selected because of the difficulty to compensate the charge 

when using the monochromatic source and this minimizes the risk of differential 

charging that is less likely to occur. On the high resolution carbon spectrum of the 

hydrophilic surface an unusual low binding energy peak occurred, the question was 

whether or not if this peak arose from differential charging or if this is caused by 

something else. 
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6.6.1) H dro hilic surface 

To solve the dilemma all high resolution narrow scans of each component were 

compared (see figure 6.31), if they show the same peak shape at a similar binding 

energy, it can be conclude that this is caused by differential charging of the surface. 
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Figure 6.32: Carbon, Oxygen and Silicone narrow scans 
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After comparison of the carbon, oxygen and silicone narrow scans, it can be clearly see 

that the extra peak only arises in the carbon high resolution scan. The conclusion was 

that another kind of charging occurs between the different carbon phases oily and solid. 

In addition some carbon might be bound to alumino-silicates residues and cause the 

shift in binding energy. 

This feature seems to occur in all spectra taken on the hydrophilic surfaces where 

organic pollutant is filling up the surface holes, this also occurs on one spectrum taken 

on the silicone modified resin; crater like defects are seen on the unweathered panel 

however no organic dirt was observed on the surface. 

Normally aromatic or aliphatic carbon from organic material should emit photoclectron 

electrons between 285.0 and 289.4 cV, at most the difference in binding energy (AeV) 

between the first and the last peak should not exceed 5 eV, however on all the surfaces 

analysed the broadening of the carbon signal gives (AeV) values between 6.6 eV and 

7.6 eV see table 8.4. Such values have never been encountered when studying polymers 

in general. 

Table 6.19: High resolution Carbon spectra of hydrophilic surface 
Assignment Extra ineak Extra peak CIS 

- 
C-011 *C-O-C=O O-C=O 

unwashed I -2.89(16.40/o)- -1.66(9.5%) -0(22.10/o) 
1.05(34.70/o) 2.7(10.20/c) 4.7(7%) 

washed 1 -3.13(6.2%) -1.35(13.51/o) 0(45.30/o) 1.2(19.4%) 2.68(8.5%) 4.1(7.1%) 
_ 
unwashed 2 -2.86(8.10/o) -1.44(10.2%) 0(43%) 

. 
1.05(21.4%) 

_2.51(10.3%) 
4.36(6.8%) 

washed 2 -2.58(6.80/jo -1.13(19.60/o) 1 0(45.2%) 1 1.3(14.50/o) 
-1 

2.67 (7.70 /o) 3.88(6,10/o) 

Note that the FWHM was set between 1.6 and 1.7 eV for all the peaks. 

The results are very consistent and definitely exclude differential surface charging 

during analyses. The two extra peaks obtained are therefore a finger print of the organic 

pollutant. In theory organic pollutants that are in general a mixture of aliphatic (C-C) 
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and aromatic carbon (-C=C-) should emit photoelectron at the same binding energy as 

the polymer aliphatic and aromatic components, and the spectrum of organically 

polluted surface should show peaks at the same binding eneigy (same chemical 

environments) but with higher area values depending on the amount of dirt absorbed. 

However this is not the case, extra peaks with lower binding energy are observed. 

The different phases oily and solid may emit photoelectron at different values. 

The photoelectron emitted from the "oily" carbon seems to be at lower energy 

It is hard to assess the chemical state of the two extra signals obtained. The AeV 

difference between these two peaks is between 1.2 and 1.4 eV, if we assume that the 

first peak corresponds to aliphatic carbon. The second one as a AeV value that can be 

assigned to a C-0 functionality and this can be related to a hydrophilic head group. The 

AeV does not suggest the presence of aromatic pollutant because the values are 

generally between 0.4-0.7 eV lower relative to the aliphatic carbon. The organic 

pollutant seems to be a surfactant like molecule, also notice that the higher content of 

organic dirt is found in a region where the hydroxyl functionality is in high proportion. 

This may indicate a zone where plasticisation is quite important; as a result of photo- 

oxidation and hydrolysis the formation of C-011 functionalities increase the water 

solubility in the coating, and indirectly increases the amount of organic pollutants if 

they are carried into these regions by water. 
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6.6.2) Silicone modified Polyester surface 

SEM micrographs have shown the formation of fungus on some SMP panels; therefore 

charging may occur between the different carbon phases. Moreover the comparison 

between the narrow scans confinns as previously the absence of differential charging 

(see figure 6.32). 
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- Table 6.20: Hiph resolution arbon spectra of SMP surface 

Components Extra 2eaks Car Cis C-OH C-O-C=O O-C=O 

unexposed 
Aromatic overtone 

6.2(l. 9% 0 20% 1.0(8.9%) 3.1 (15%) 
unwashed -- -1 (15.5%) 0 (44.4%) 1.0(23%) 2.4(10%) 4.1(7%) 

washed -1.8 (5.8%) 
, --. 

0 (28.6%) 
. 

1.1 (45-61/o) 
, 

2.7 (13.4%) 4.64 (6.6%) 

The peak broadening occurs only on the washed surface, this indicates that the 

formation of fungus does not occur on the whole surface but at some localised spots. 

The binding energy of the extra peak is at a lower value compared to the extra peak 

found when analysing the hydrophilic surface. This may be attributed to the difference 

of composition between the two pollutants. The high percentage in C-OH component 

may show the presence of a hydrophilic region. However the C-OH functionality may 

also arise from the fungi membranes of which are made of polysaccharides. 

Mildew fungi are well known to grow most extensively in warm and humid climates 

and especially affect latex paints. Polyester or SMP will not provide a source of 

nutriment for bacteria and fungi, however low molecular weight organic material 

produced after exposition, will in most cases support microbial growth. 
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6.7) Conclusion 

During weathering the glass transition temperature of the coating plays an important 

role in dirt retention, as coatings with high Tg absorb less strongly foreign particles 

deposited on the surface, High Tg system also have a higher stability toward photo- 

degradation within the bulk compared to low Tg material. However for all the panels 

exposed the surface chemistry show important changes; in general photo-oxidation and 

hydrolysis of the ester linkage is the most common feature, these events result in the 

formation of carboxylic group and other oxidation products. 

The dirt on the surface mainly consists of alumino silicates with other inorganic 

material in small amount Carbonaceous dirt is also detected on the hydrophilic surface, 

and the formation of mildew fungi is observed on the SMP panel. The presence of such 

dirt complicates the carbon signal in some sample, additional peaks can be observed on 

the carbon narrow scans. Corresponding to low binding energy electron emitted by the 

dirt. 

131 



THIN FILM PREPARATION AND RESIN MODIFICATION 

CHAPTER VII 
THIN FILM AND RESIN MODIFICATION 

7.1) Titanium dioxide thin film 

7.1.1) Method 

Polymeric substrates require coatings to be processed at low temperatures and also to be 

flexible enough to accommodate the dilatation and contraction of such substrate. The 

polymer thermal expansion during heat treatment is important and gives rise to tensile 

stress within the film leading to cracks. Thus the fabrication of crack-free films is quite 

difficult. Thin films of nano-crystalline Ti02 were prepared onto PET substrate using a 

low temperature sol-gel method described below: 

A solution of 4wt% of Ti02 was prepared by mixing first 4.25g of titanium tetra-n- 

butoxide with a 2.9ml of ethanol. Then a mixture of 8ml of water, 1.1 ml of HCI (3 6%) 

and 15 ml ethanol is added to promote hydrolysis, and stirred for 30 min, finally 7.5g of 

polyethylene glycol is added and the resultant solution is used for the Ti02 film coating. 

A simplified equation is given below: 

TI(OC4Hg)2 +2H0 
Ethanol, H* 

-a-- Ti02 + 4C4H, 
00 2 PEG 

After coating the substrate with the Sol-gel solution of Ti02, the films were dried in an 

oven for 30 min at 800. The samples were then immersed in boiling water, for a period 

varying from 15 to 45 min. The films were finally dried of again for one hour at 600C. 

Sample I was hot water treated for 15 min and sample 2 for 45 min. Characterisation of 

the film was obtained using SEM microscopy and PA infrared spectroscopy. 
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7.1.2) Results and discussion 

The two samples obtained by varying the hot water treatment time, the titania film show 

a number of defects and differences in their structures (figure 7.1 and 7.2). 

Figure 7.1: SEM micrograph of sample I mag xl. 900 and x 15000 

Figure 7.2: SEM micrograph of sample 2. magx2,300 and x12000 

The film obtained in sample I shows lots of crack and no porosity. The film in sample 

2 has far better properties including no cracks and a relatively high porosity. This shows 

the importance of the boiling water in the densification and crystallisation of the titania 

film. 
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Figure 7.3: Raman spectrum of Titania film on PET substrate 

200 

Both IR spectra in the figure 7.3 are relatively similar, extra peaks are observed between 

200-300 cm-1. The main Ti-O stretching band should normally be around 450 and 

490cm-1, however because of the small intensity of the band and the presence of a 

strong band at 450 cm I arising from the PET substrate, the Ti-O vibration could not 

been detected. The new weak bands observed may be caused by the Ti-O bond, as these 

bands at 250 cm-1 and 280 cm-' have been attributed to the Brookite form of T102, [103] 

this vibration being asymmetric should also be infrared active but is not mentioned in 

the literature. 

The deposition of titanium dioxide thin film on the PET surface using this Sol-gel route 

is far from trivial, in general a mixture of nano and micro size titanium dioxide is 

obtained, the micro size particles maybe be photoactive, but they are white, loosely 

adhered and make the coated surface looks very chalky. 
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7.2) Polvester-nanocomposites 

7.2.1) Preparation of organo modified cla 

Smectite montmorillonite is the most common type of clay used for nanocomposite 

formation and was used in this project. This phyllosilicate consist of A13+ being replace 

by Mg 2+ to give the general structure; [(MgO. 33AII. 67)Si8O2o(OH)4]Nao. 33. 

One important consequence of the charged nature of the clays is that they are generally 

highly hydrophilic species, and therefore naturally incompatible with a wide range of 

polymer types. A necessary prerequisite for successful formation of polymer-clay 

nanocomposites is therefore alteration of the clay to make it 'organophilic. This is 

achieved by substitution of the counter ion by a long chain aliphatic ammonium salt. 

Montmorillonite is also characterised by a moderate negative surface charge (known as 

the cation exchange capacity, CEC expressed in meq/100 g). The charge of the layer is 

not locally constant as it varies from layer to layer and must rather be considered as an 

average value over the whole crystal. Monmorillonite has a charge of 80-90 meq/100g. 

The modification process was taken from reference [96]. 

First 12g of natural montmorillonite a white-grey solid is suspended into 800 ml of 

water. The pH is then reduced to 4 with few drops of a molar solution of hydrochloric 

acid, and then the temperature was increased to 300C, in order to remove any carbonate 

absorbed onto the mineral surface. At this stage the colour of the solution was slightly 

yellowish. The solution is then saturated with NaCl to make sure that all the cationic 

sites are occupied; the solution is vigorously stirred at a temperature of 400C for I hour. 

The solution then turns light green (the colour change surely arise from the presence of 

impurities such as Fe"/Fe'ý; 5g of ammonium salt (Dodecyl ammonium bromide) 

were dissolved into a mixture of 50150 ml of H20 and ethanol at 400C. The two 
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solutions were mixed and vigorously stirred and the tempcrature was increase and 

maintained between 70 and 75(C for 4 hours. Stirring overnight at room temperature 

was the penultimate step. A pale green powder was washed with a large amount of 

deionised water and then dried in an oven overnight at 950. 
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Figure 7.4: PA Infrared spectrum of the modified and natural clay 
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The infrared spectrum of the treated clay in figure 7.4 indicate the successful 

introduction of the of the ammonium salt into the interlayer gallery. The bands at 2910 

and 2850 cm-1 correspond to the CH2 stretching vibration of the alkyl chain, the band at 

1480 cm-1 corresponds to the N-C stretching vibration. Usually wide angle XRD is used 

to confirm a successful intercalation of the ammonium salt, however this technique 

could not be used. By using this technique the increases of d-spacing indicate a 

successful intercalation. 
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7.2.2) Polyester Nanocomposite synthesis 

A new route for the preparation of polyester-nanocomposites was developed based on 

the standard polyester route described in Chapter 3, and the in-situ intercalative 

polymerisation route. 

A) First the organoclay are swollen within the liquid monomer mixture of polyols, 

good stirring is required for a good dispersion. 

B) The second step is the polymerisation with the addition of the anhydride and the 

catalyst to increase reaction rate. The polymer should be formed in between the 

inorganic sheet 

C) The final stage is where the set up is changed and xylene added to form an 

azeotrope with the water to push the reaction to 98-99% completion. 

Polyester-nanocomposites have been prepared based on a standard highly branched 

resin made from neopentyl glycol, trimethylol propane, phthalic anhydride and adipic 

acid. 

Two different organoclay provided by Rockwood a UK subsidiary of Southern Clay 

were used Garamite 1958 and Cloisite 30B, both clays were based on montmorillonite 

modified with different alkyl quaternary ammonium salt. 

A) Glycol condensation and intercalation (setup in figure 7.5) 

A mixture of 39.6 g of water, 55.6 g of Trimethylol propane (TMP), 340.7 g neopenthyl 

glycol, were charged in a 500ml reactor. The mixture of flakes and white powder was 

raised until melting point was achieved and a transparent solution obtained. Then 45 g 

of organoclay was slowly added with good stirring and the temperature was raised and 

maintained @ 100*C for I to 2 hours. The organoclays, provided were white solids and 
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their incorporation produced a white creamy solution at this stage in the reactor. Some 

foam was observed as well. 

B) In situ polymerisation 

405.6 g of Phthalic anhydride, 0.3 g of a monobutyl tin catalyst and few drops of an 

antifoaming agent were then introduced in the reactor followed by a gradual 

temperature increase to 230T. To prevent any loss of glycol (a highly volatile 

component, low boiling point), more antifoarn was needed as the temperature increased 

and the mixture gradually turns darker, an unexpected reaction was taking place. As 

water start coming off the solution increased in viscosity, the polymerisation step was 

held for 4 to 5 hours. The head temperature was maintained at 100'C; the refractive 

index of the collected distillate was regularly checked and a sample was taken every 

hour to evaluate the acid value as the reaction advanced. 

Q Azeotrol2ic formation 

When the acid value was down to 50 equivalent grams of KOH/I, the cook was cooled 

down and the set up changed for the azeotropic formation (figure 7.6). 47.4 g of xylene 

was then added and the temperature rose to reflux. for about 2 hours. The water was 

slowly extracted from the cook as the viscosity increased and the acid value drops. 

Regular sampling indicated the end of the process and the reaction was stopped when 

the results reached an acid value below 12 and a viscosity around 20 poise. From the 

literature the reaction was 98-99% complete. Ell The resin was allowed to cool down and 

338.3 g of a mixture of aromatic solvent was added to give a resin of 65% solid content 

(see appendix 5 for formulation). 
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Acid value and viscosttX measurements 

The kettle was cooled down, a sample was carefully taken with a pipette and dissolved 

into a slightly basic aromatic solvent mixture, the solution was gently warmed up to 

fully dissolve the resin, then after cooling, few drops of 1% phenolphthalein indicator 

solution was added and finally titrated against a molar solution of alcoholic potassium 

hydroxide, until the solution turn pink. 

The acid value was calculated with the following formulae; 

AV =T *5.611 M (*0.95) 

Where T is the concentration of the potassium alcoholic solution in molell 

M is the mass of the resin in grams and the *0.95 factor to correct the value after xylene 

addition. 

The acid value is given in g of KOH equivalent 

The viscosity was controlled on a rotator disc spinning on a plate maintained at 150'C, 

the values were given in poise. 
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Figure 7.5: Setup I glycol condensation 
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Figure 7.6: Setup 2 Azeo formation 
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7.2.3) Resins prepared 

A number of resins with different clay loading were prepared for comparison. The 

details are given in the table 7.1. 

Table 7.1: Formulations 

System Mw in Acid Comments 
number g/mol Value 

1 
7122/1 14,000 11.0 Standard polyester, the resin obtained was transparent with a 

molecular weight around with a viscosity of 18,5 poise 
7122/2 19000 12 5% of Garamite clay; the resin obtained was transparent grey 

with a viscosity of 19 poise 
7122/3 63000 10.5 5% of Cloisite clay; the resin obtained was dark brown, and a 

viscosity of 20 poise 
7122/4 - 27 10% of Garamite clay the resin obtained was dark brown, a side 

reaction started to occur with the formation of a yellow 
condensate during polymerisation. The acid value was hard to 
bring down even with addition of NPG; the reaction was 
stopped, the calculation from the acid value estimated a reaction 
complete at 97-98% only. 

7122/5 20% of Garamite clay, the resin could not be prepared because 
of the high viscosity of the mixture even with addition of water 
to help stirring, lots of bubble and foam were forming and when 
the mixture reaches the reaction temperature a white smoke was 
evolving indicating the degradation the ammonium salt. More 
yellow condensate was forming; the reaction had to be 
interrupted as the mixture gelled. 

20 
6.6% of Garamite clay and 3.4% of Cloisite clay; the resin 7122/6 obtained is dark brown, no side reaction occurred as before, the 
resin is dark brown. 

The clay percentages given are percentage weight. The molecular weight was measured 

by gas chromatography at Beckers. 
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7.2.4) Discussion 

An important increase in molecular weight occurred when the Cloisite organoclay was 

used, this was caused by the presence of additional hydroxyl group on the alkyl 

ammonium salt (figure 7.7). These hydroxyl groups are able to react with the carboxylic 

groups, of the polyacid or anhydride, therefore the long alkyl chain increases the overall 

molecular weight of the polymer chain. Normally the quaternary ammonium should not 

react with the monomers but the high reaction temperature may have altered the 

chemistry of the salts that are generally temperature sensitive. The change in colour was 

observed around 1700C and may indicate some structural changes within the salts. 

However at low concentration the Garamite clay seemed to remain stable as the colour 

barely changed, the Cloisite clay when incorporated at the same concentration gave a 

much darker resin for the reason described earlier. 

Quaternary salts are the product of the reaction between a tertiary amine and an acid, the 

reactions are reversible, therefore especially at high clay concentrations the ammonium 

salt can react with an intermediate base or even be involved into the catalytic cycle of 

the polyesterification reaction, also the salts may form amines that can react with 

carboxylic groups. Many side reactions can happen during polymerisation. 

T H2CH20H 

H3C-N* T 
I 

C H2C H20 H 

Where T is Tallow (-65% C 18; -30% C 16; -5% C 14) 

Figure 7.7: Ammonium salt structure in the Cloisq2jýuy-smace 
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7.3) Characterisation using Transmission Electron 

Microscopy 

Clays or layered alumino-silicates are crystalline materials consisting of about Inm 

thick sheets, the lateral dimension of the layers range between 30 and 2000 nm in 

diameter. The inter-layer gallery spacing in natural clay is occupied by a cationic 

counter-ion, which is exchanged with an organic alkyl ammonium modifier that leads to 

more favourable interaction with polyester. 

As said before the morphological descriptions such as intercalation and exfoliation are 

commonly used to describe the state of aggregation of the individual sheets of clay in 

the polymer. 

" Intercalation refers to the state in which the silicate sheets are swollen by 

polymer chains while retaining the regular stacking arrangements. 

" Exfoliation represents the situation where the silicate layers are completely 

dispersed in the matrix, it is also called delaminatcd structure. 

The macroscopic properties of the polyester-clay are closely related to the morphology 

of the nanocomposite. 
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7.3.1) Method and Results 

TEM analyses were taken on a JEOL JEM 20 10 instrument, the samples were placed oil 

a carbon alloy grid, a voltage of 200 kV was chosen with a working distaiice of' 120 cill. 

To obtain good TEM images the film thickness should not exceed 100nni, usually 

polymer resin need to be solidified cryogenetically and cut with using a m1crotonle. 111, )l 

Such apparatus was not available therefore a small amount of resin at . 1111bient 

temperature was deposited on the grid and then the grid was dipped into acetone to 

decrease the resin thickness. The film thickness was not homogeneous and only flew 

spots were thin enough to let the electrons pass through the sample. EDX analyses were 

perfornied on the selected area and the peak analysis was performcd using the suppliel, 

software. 

Both intercalated and exfoliated structure call be observed; oil tile right part (it' tile 

micrograph a regular stacking arrangement is maintained with a layer or more of 

polymer between the sheets. On the left we can see a higher degree ofintercalation %vith 

dclarninated sheets. 
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Flement Weight% Atomic% 
CK 92.20 94.77 
0K 5.25 4.05 

MgK 0.89 0.45 
Si K 1.66 0.73 

Totals 100 100 

ý1 CýA 0, ýasor 195 

Spectrum proccssing: 
Peaks possibly omitted: 8.037,8.896 keV 
Quantitation method: Cliff Lorimer thin ratio section. 
Processing option : All elements analyzed (Nonnalised) 
Number of iterations =5 

Figure 7.8: TEM micrograph of the polyester-Garamite nanocomposite and elemental analysis 

Elemental analysis shows the presence of magnesium but no trace of aluminium. The 

theoretical structure of the montmorillonite is known as K(A14-xMgx)Si8O2O(OH)4 with 

M being the monovalent cation and x the degree of isomorphism substitufion (in general 

between 0.5 and 1.5). ' 1071 The high carbon content comes from sample preparation 

which is carbon coating. 
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Peaks possibly omitted: 8.040,8.900 keV 

Flelliclit 
CK 
0K 

Mg K 
Si K 

Totals 

-Wqiglit% 94.14 
9.93 
2.22 
3.71 

Atoinic'/o 
89.25 
7.91 
1.16 
1.69 

100.00 1 100 

Figure 7.9: TEM micrograph of the polyester-Garamite nanocomposite and elemental anal)LsLis 

In this micrograph (figure 7.9) two or more layers of resin are folded, the succession of 

dark lines (inorganic sheet) and light lines (resin) indicate a fully delaminated structure, 

furthermore no stack arrangement is observed as before. Both silicone and magnesium 

content increase slightly in this area 
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t, 'Icinclit Wciglll% Atomic% 
CK 51.69 63.10 
0K 28.12 25.78 
MgK 7.09 4.28 

_ Al K 0.49 0.26 
Si K 12.61 6.58 
Totals 100.00 100.00 

Peaks possibly omitted: 8.040,8.900 keV 

Figure 7.10: TEM micrograph of the polyester-Garamite nanocomposit 

This micrograph is very different form the others, as the dark area forms a few strips 

between 40 and 120nm of thickness with the lighter polymer in between. The high 

content of both silicon and magnesium confirmed that the dark strips are the inorganic 

material; therefore the view must be from the top of the sheet, with the polymer 

sandwich in between. The dark line at the right end of the picture indicates this time that 

the sheet is positioned in a vertical manner. The all structure of this region seems to be 

tubular in shape with the inorganic material covering most of the outside surface. 

7.3.2) Conclusion 

The TEM is a very powerful method to characterise the polymer-nanocomposite 

structure as well as identifying the chemical elements fornling the different phases. 

However it is surprising to detect the Aluminium in very small quantifies which is not in 

accordance with the clay chemical structure. This maybe because the instrument 

detector may not be sensitive enough to the Aluminium emission energy. 
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7.4) Paint and panels prel2aration 

All the paints were prepared based on the standard white polyester formulation; 

following the standard procedure detailed in chapter 3. However for the preparation of 

the mill base all the resin is passed through the motor mill, as the resin still contained 

few agglomerate particles of clay, therefore big particles needed to be dispersed to 

produce a coating with a particle size distribution lower than the final dry film 

thickness. 

The exfoliation-absorption method was also investigated, where different amounts of 

clay were directly mixed with the control resin and the solvent. 

The clay was slowly added under vigorous stirring, a significant amount of solvent was 

needed as the mixture quickly thickened up especially at high clay concentrations. 

Solvent was added to make the paint fluid enough to pass through the motor mill. For 

clay loadings superior to 10% in the formulation the paint viscosity increased 

dramatically, until the mixture did not flow at all, the mixture moved only when a shear 

was applied; the term Thixotropic is generally used to describe such reology. The 

formulations are given in the appendix 5. The curing time for high clay concentration 

formulation needed to be increased by 10- 15 s in order to properly cure the film. 
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7.5) Physical tests 

After curing, the coatings undergo a series of tests to determine their physical properties 

and performance. 

7.5.1) Method 

Flcxibilityformabilfty 

The T-bend test is used to determine the coating flexibility. A strip of the coatcd metal 

is cut from a panel and the end is folded over through an angle of 1800, this is denoted 

as OT. If the coating does not crack or loose adhesion when an adhesive tape is applied 

and pulled off, it is a perfect pass. If failure occurs the strip is continuously folded over 

the previous fold until a pass is observed. The other folds are noted 0.5,1, and 1.5 etc... 

The result of the test depends on the substrate flexibility as well; therefore for good 

correlation the metal substrate must have the same thickness. 

Impact resistance 

Impact tests evaluate the ability of a coating to withstand extension without cracking 

when the deformation is applied rapidly. This test is evaluated by dropping a known 

mass through a known distance and quoting the product of the two quantities, as an 

example dropping a2 lb. weight through 40 inches gives a value of 80 inch. lbs. A pass 

is usually given if no cracking or loss of adhesion is observed on the resulting dome. 
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Surface hardness 

Two tests were made to evaluate the hardness, the first is pencil hardness test, and this 

involves pushing pencils of different hardness at an angle of 450 over the paint surface 

and monitoring the hardest pencil that does not leave a mark. The second test is the 

micro-hardness, a test where the force behind a stylus and its displacement are 

monitored continuously during a complete indentation cycle (force increasing to a 

maximum and then removed). Properties of the material such as; indentation modulus, 

elasto-plastic hardness and dynamic properties (such as creep and relaxation) can be 

determined. Micro-hardness tests are obtained using a Fischer DIN 50 359 instrumcnt. 

Dry film thickness 

This is evaluated using a standard film thickness gauge commercially available, which 

is calibrated using films of standard thickness. 

Gloss 

The gloss is measured with an incident beam at 600. The proportion of the specularly 

reflected light determines the value. Glossy films have a very high gloss value when 

matt films have a lower value. The measurements were obtained from a Novo gloss 

glossometer instrument, with coincident beam set at 60'C. 

Transition glass temperature 

Measurements were obtained from a Mettler Toledo Differential Scanning Calorimeter, 

DSC 821 instrument. The temperature range was set between 0 to 700C with a rate of 

5C/min, roughly II mg of the coating was analysed. 
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7.5.2) Results 

The paint fon-nulation are listed in the Appendices 5 

Table 7.2:. Micro Hardness results 

60W -Iý k--- - m IC 
7122/1 150.2 14.1 28.6 -10.4 

7122/2 5%Garamite = 2% in Coating 198.8 16.9 18.3 -9.9 
7122/3 5% Cloisite = 2% in Coating 173.1 11.9 24.3 -8.2 
7122/4(10%Garamite 4.1%inCoating) 254.2 17.3 14.5 -8.9 

(6.6"/ Oarainite 3.4", /,, Closite) 238.4 7122/6 19.4 15.3 -8.3 
_ Rýsi s with Clay Added as Filler 

7 122/1 (5.2% Cloisite in coating) 174 11.57 23.8 -6.8 
7122/1 (10% Cloisite in coating) 234 14.16 18.0 -6.9 
7122/6 (12% Garamite in coating) 244 19.6 16.9 -7.6 

7122/6 (21.3% Garamite in coating) 292 19.5 13.3 -7.9 

The results given in the table are an average of the values obtained from 9 indentation 

points on each panels. 

Definition of ten-ns: 

Huk (Nlmm 2) Universal hardness at the maximum test load. Indenter geometry 

corrections applied. 

WAtolal %: Elastic energy component of the material displacement work in %. 

Quotient of the elastic defort-nation work (We) and the total (plastic and elastic) 

defort-nation work (Wtotal)* Indenter geometry correction applied. 

Creep 1: Material time dependent flow (yield) under maximum deformation. The 

percentage increase in film penetration under constant stress. 

Creep 2: Material time dependent delayed recovery (rcflow) under minimum 

deforination. The percentage reduction in film penetration. 
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Table 7.3: Various physical test results 

System Pencil Reverse impact Erichsen T-Bend 
hardness (inch. lbs) (mm) (E. C . C. A) 

Polyesier Adhesion Imss (a, 100 /Vilic, "101, [)a, "" (t, Adhe'sioll pass (a 01 
based on Pass H Cracking - - pass Ld, 30 Cracking - pass La) 7.5 Cracking - pass(a. ) 1.5T 
ER71221/1 
Polyester Pass 2H Adhesion - pass (0 160 Adhesion - pass C& 7.5 Adhesion -pass Cd 0.5T 
based on Cracking pass C& 30 Cracking - pass Giv 7.0 Cracking - pass (ýq, ) 1.5T 
ER7122/2 
Polyester Adhesion - pass Ca) 160 Adhesion - pass @ 7.0 Adhesion - pass Cd OT 
based on Pass 11 Cracking - pass g 40 Cracking - pass @ 7.5 Cracking - pass (& 1.5T 
ER7122/3 
Polyester Adhesion - pass C&, 160 Adhesion -pass@ 7.5 Adhesion -- pass Cd OT 
based on Pass 5fl Cracking - pass <10 Cracking -- pass Cd 7.5 Cracking - pass C& 1.5T 
ER7122/4 
Polyester Adhesion -- pass g 160 Adhesion - pass Ca) 7.5 Adhesion -pass Ga) 0.5T 
based on Pass 5H Cracking -- pass < 10 Cracking -- pass (&_ 7.0 Cracking pass Cd 1.5T 
ER7122/6 
Polyester Adhesion pass @ 60 Adhesion - pass C& 7.5 Adhesion - pass C& OT 
based on Pass 5H Cracking --pass< 10 Cracking - pass 7.0 Cracking - pass C& 1.5T 
ER7122/6 

12.2% 

gararnite 
Polyester Adhesion - - pass Ca) 60 Adhesion -- pass 7.5 Adhesion - pass Ca) 0.5'r 
based on Pass 5H Cracking - pass < 10 Cracking - pass G& 7.5 Cracking pass Oýe, 2.51' 
ER7122/6 

21.3% 
gararnite 

The coating flexibility and adhesion are hardly affected by the clay incorporation at low 

loading while the surface micro-hardness increases. The overall coating hardness from 

the pencil test increased for higher clay loading. The only draw back is the loss of 

flexibility at high clay loading as the coating become brittle; this is especially shown 

with the low cracking value obtained from the reverse impact test. The adhesion to the 

primed substrate is not so much affected. 
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Table 7.4: Transition glass temperature and surface-free energy 

Contact angle with 
System Glass transition temp water/Surface free energy 

in mN/m 
lolyester based on 31.5 82.0/42.1 ER7122/1 
Polyester based on 

ER7122/2 30 86.5/36.6 

Polyester based on 
ER7122/3 36.4 87.7/55.4 

Polyester based on 
ER7122/4 34.5 97.2/44.6 

Polyester based on 
ER7122/6 32.2 91.4/40.4 

Resins with Clay Added as Filler 
Polyester based on 29.6 77.7/43.9 

ER7122/1 (5.2% Gararnite) 
Polyester based on 33.5 83.1 / 39.0 

ER7122/1 (10% Gararnite) 
Polyester based on 32.2 79.8/ 40.9 

ER7122/1 (5.2% Cloisite) 
Polyester based on 29.2 91.5/37.8 

ER7122/1 i (10% Cloisite) 
Polyester based on 30 87.7/35.4 

ER7122/6 (12% Gararnite) 
Polyester based on 
ER7122/6 (21.3% 32 102.7/41.7 

Gararnite) 

When the clay is incorporated at low concentration into the cook, the water contact 

angle increases in most case however, the incorporation of the Cloisite enhanced the 

surface free energy; this is due to the presence of onium salt bearing hydroxyl groups. 

When the clay is added as filler at low concentration the water contact angle decreases. 

In contrast, at higher clay loading, the surface become clearly hydrophobic, increasing 

the water contact angle from 820 to 102" for a clay content of 20% such difference can 

be assigned to the high quantity of ammonium alkyl at the surface. 
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In general nanofillers should not contribute to the Tg of the matrix. However, the 

interaction of the polymer chains with the surface of the particles can alter the chain 

kinetics in the region immediately surrounding the particle especially at the interface. 

The polymer adsorption onto the large specific area of the phyllosilicate sheet, can 

restrict molecular mobility of the affected chains, change the density of the packing and 

also modify the conformation and orientation of the chains segments in the 

neighbourhood of the surface. 

The Tg increases significantly when the Cloisite clay is added in the cook, resulting in a 

higher molecular weight polymer (additional polymerisation caused by hydroxyl 

functionalities from ammonium salt). When the garamite clay is added whenever in the 

cook or by direct mixing the Tg barely changes in both case, has the RMM is not 

altered. 
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7.6) Surface analysis by XPS 

Analyses were performed on the same XPS instrument described in chapter 4. The Al 

Ka X-Ray monochromatic source was used with pass energy of 100 eV for and 10 cV 

for the narrow scans. 

7.6.1) Estimation of the bulk composition 

The estimation is based on the standard formulation and accounts all the functionalities 

present in the polymer backbone. 

Figure 7.11 Polyester Structure 

Carbon Perccntage 

C aromatic (1): 6*5.8 = 34.8 35,4% 

C aliphatic (2): 4*2 + 3*6.9 + 3*0.8 =31.1 31.6% 

CH2-0 (3): 2*6.9 + 3*3 = 16.3 16.6% 

C=O (4): 2*6 + 2*2 = 16 16.3% 
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OLiygen 

O=C: 2*5.8 + 2*2 = 15.6 

O-C: 2*5.8 + 2*2 + hydroxyl excess 

7.6.1) Results and Discussion 

Table 7.5 Elemental analysis 
System Carbon Oxygen Nitrogen Silicon Aluminium 

Standard 76.12 23.9 0 0 0 
7122/2 78.01 21.15 0.84 0 0 
7122/3 78.44 20.91 0.65 0 0 
7122/4 78.63 20.3 1.1 0 0 
7122/6 76.9 21.72 0.9 0.51 0 

7122/6 (12% gar) 71.51 25.5 1.7 1.3 0 
7122/6 (21 % gar) , 62.2 31.16 1.77 4.1 0.8 

The surface composition of the standard formulation was slightly different when 

compared to the composition of the coating with low clay content coatings (7122/2 to 

7122/6). This was due to the acrylic flow aid, that was added in this formulation, also 

the absence of nitrogen from the melamine agent can be noticed, as the flow aid 

segregates toward the surface as mentioned before (flow aid was only added for the 

standard formulation). When the clay loading increased some silicon started to be 

present at the surface, and this increased the oxygen content as well. Another 

observation was the rise in nitrogen percentage with the clay concentration, this was 

clearly attributable to the ammonium salt. 

Table 7.6 HiRh resolution carbon 
System C aromatic C aliphatic C-0 O=C-O 
Bulk* 35.4 31.6 16.6 16.3 

standard 55 20 10.6 13.4 
7122-2 46.8 33.8 10.2 9.2 
7122-3 48.7 29.8 11.3 10.2 
7122-4 46.6 23 10.4 20 
7122-6 45.8 22.6 19.5 11.5 

7122-6+12% 28 40.9 19.3 10.9 
7122-6+21% 22.2 59 9.5 9.3 

* Calculated from formulation 
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All surface compositions have a higher percentage of aromatic carbon than the 

theoretical bulk composition, however when the clay concentration rose the carbon 

aliphatic content increased as expected due to the higher amount of alkyl ammonium in 

the formulation (from 10% and above of clay the C aromatic is halved and C aliphatic 

doubled). 

Table 7.7: Oxygen peak fit table 

system O=C-O* O-C=O* SI-0 Al-0 
bulk 

7122-1 532.9 (46.1%) 531.5 (53.9%) 
7122-2 533.1 (49.7%) 531.6 (50.3%) 
7122-3 533.0(48%) 531.6(52%) 
7122-4 533.3 (50.4%) 531.9 (49.6%) 
7122-6 533.2 (48.6%) 531.8 (51.4%) 

7122-6+12% 533.4 (36.3%) 531.9 (58.8%) 530.2 (4.9%) 
7122-6+21% 1 532.5 (41.8%) , 531.3 (34.8%) , 533.8 (14.5%) , 529.8 (8.8%) 

At 20% content the Oxygen atoms that are part of the clay phylosilicate are detected at 

the surface, and this is in accordance with the presence of silicon and aluminium from 

the quantitative analysis. The increase in Oxygen atom may also occur at the interface 

between the coating and primer, this may be the reason why the adhesion is not affected 

for high clay concentration as Oxygen atoms increase the adhesion strength with the 

substrate. 

7.6.3) Conclusion 

The surface of polyester-nanocomposite is highly dependent of the clay concentration, 

both surface chemistry and hardness are considerably affected at high clay 

concentration, the surface becomes harder and more hydrophobic. This is causcd by the 

alkyl chain of the ammonium salts that tend to migrate toward the surface and the 

inorganic phylosilicate that increases the overall coatings hardness. 
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Figure 7.12: microbardness. glass transition temperature and water contact anple 
plotted against AE unwashed values 
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There is no obvious relation between the surface micro-hardness and dirt retention only 

few point are closed to the trend line, although the coating with the highest surface 

micro-hardness has the lowest AE value. Similarly from the second graph, there is no 

correlation between the Tg and AE, this is mainly caused by the small variation of the 

glass transition temperature over the specimen tested. 

Finally coating that gives high contact angle with water seems to retain less dirt many 

points on the graph are very closed to the trend line, the coating that perform the best 

after 6 months has clearly a hydrophobic surface. 
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CHAPTER VIII 
GENERAL DISCUSSION 

8.1) Photo-initiated oxidation 

As discussed in chapter III, the absorption of UV by the coating occurs at many sites. 

From the previous Infrared and XPS results, the polyester linkage, melamine ring and 

cross-linkage are the functional groups mainly involved in photo-initiatcd reaction, 

leading to a substantial change in the surface chemistry or in the worst scenario to 

polymer degradation. 

8.1.1) Photo-induced reaction at Ester linkage 

It has been reported that polymers undergo extensive random chain scission during 

weathering, the absorption of U. V. affects the side ester groups especially, with the 

possible formation of low molecular weight gaseous products. [ 124) 

When the ester linkages absorbs UV light, they become excited and undergo either 

Norrish type I or Norrish type 11 reactions. [125-126] 

The type I reaction results in the formation of CO or C02 during chain cleavage 

depending on the presence of oxygen or not, and more importantly the formation of a 

phenyl radical. The type II reaction results in the formation of a radical oxygen from 

the carbonyl group, followed by hydrogen abstraction from the carbon in the bcta 

position to the ester linkage. This leads to the formation of carboxylic groups and 

unsaturation, the type 11 is though to be more predominant during outdoor exposure. 

(1271 
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Photo-oxidation qýpolyefhvlene tergghtalate 

As an example the Norrish reactions in PET are shown in figure 8.1, the ester linkage in 

PET is the same as in all aromatic based polyesters, therefore similar reaction and 

products will be formed, however for formulations containing aliphatic polyacid in 

higher proportions compared to the aromatic polyacid or anhydride, the photochemical 

products will be more diverse. 

Figure 8.1 Norrish We reaction of PET 
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Norrish type mechanisms show all the reactions possible at the ester linkage of PET 

laminate, the type I reaction mainly forrn a phenyl radical. Phenyl radicals are very 

unstable due to the hybridation sp'/sp' of the carbon radical, therefore the aromatic ring 

may decompose. This would explain the big loss of aromatic carbon percentage in the 

high resolution spectrum (from 42% to 6.4%). Another explanation for this loss is that 

in presence of oxygen the phenyl radical can simply react with it and form phenyl 

peroxide Ph-OOH which is slightly water soluble and can be washed away, the loss of 

aromaticity after washing the surface is clearly observed. The type 2 reaction results in 

the fori-nation of carboxylic acid groups and alkene groups which are easily oxidable 

and are the cause of the increase in oxygen content. 

PET surface composition 
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Figure 8.2 XPS quantitative analysis of PET 
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8.1.2) Photoxidation of acrylic-melamine 

As seen in the surface analysis spectra the thermosetting acrylic formulation is severely 

altered during exposure (see figure 8.4). In this particular case photo-oxidation leads to 

extensive chain scission resulting in the formation of low RMM products (128]. The 

main chain scission mechanism of the acrylic backbone is described in figure 8.3, and it 

is thought to produce Hydrogen radicals. The partial chain scission which is also a 

Norrish typel reaction produces an alcohol and a carbonyl radical. The total chain 

scission results in formation of a double bond, an alcohol and other radical species. The 

presence of a peak at 1650 cm" in the PA infrared spectrum confirms this mechanism, 

as this infrared band corresponds to the C=C stretching vibration. The products formed 

react readily with Oxygen. 

Where R can be; H, HO-CH2-CH2 or CH3. 

Figure 8.3 Main chain scission mechanism of thermosetting acrylic m racrogo r1281 
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Acrylic surface composition 
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Figure 8.4 XPS quantitative analysis of acjylic 

8.1.3) General polyester melamine coatint! dep-radation 

As indicated before the melamine resin used was a partially-methylated material, which 

is a complex mixture of different compounds with different degrees of substitution, 

therefore many reactions can take place. As seen on the infrared spectrum, the triazine 

bands decrease in intensity and several new bands appeared after weathering, including 

those near 1680 cm- land 1650 cm- 1. It is suggest that the band near 1680cm-l 

corresponds to the carbonyl stretching of an amide and that the band near 1650 cm-l is 

due to the NH defon-nation of primary amines or/and primary amides. [ 129] 

Photo-degradation of acrylic-melamine coatings is also reported to be accelerated in 

high humidity; this irsult has been attributed to the conversion of formaldehyde by 

hydrolysis into performic acid which catalyses the hydrolysis reaction. [ 1301 
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Melamine degradation 

The degradation of melamine includes a mechanism involving acid or water, wbich 

leads to hydrolysis of the various crosslinks as shown in the figure 8.5. The loss of the 

peak intensities for the triazine ring in the Infrared spectrum also shows a change in ring 

structure becoming inactive due to the change in patterns substitution through the loss 

when the links have broken down (figure 8.6). The breakdown of the cross-linkage can 

also arise from photo-initiated reaction in figure 8.7 

N-CHi-O-R + H20 N-CH2-. OH + HOR 

Figure 8.5 Hydrolysis of mclamine crosslink 

The formation of carboxylic group formed after exposure as seen on the XPS analysis, 

could also catalyse the hydrolysis reactions. 
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Figure 8.6 Photo-induced degradation of mclamine ring 
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I 
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Tr is the triazine ring and R the polyol 

Figure 8.7 Photo-initiated reaction of the polyol - melamine linkage 

Hydrogen on the carbon at the position a to a nitrogen, and the ether oxide in polyol 

melamine linkage is activated toward abstraction by free radicals, The propagation 

proceeds in a manner typical of photo-oxidation of polymer described in chaptcr 3, with 

the production of peroxy-radicals in the chain followed by hydrogen abstraction to 

generate polymer free radical and peroxides. Chain branching takes place by 

decomposition of the peroxides to form polymer oxy radicals, which undergo a number 

of reactions to produce amines and amides. 

I 
TOH 
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8.1.4) Moisture-enhanced degradation 

As discussed before the degradation the polyol-melamine crosslink is enhanced in high 

humidity. Bauer and al [131] postulated that melamine excited state chemistry was 

responsible for the enhancement, which was called photo-enhanced hydrolysis. This is 

caused by the absorption by melamine at 300nm that produces an excited mclamine 

state which is more easily protonated and thus more easily hydrolysed than the ground 

state. 

The formation of water soluble groups during exposure also increases the solubility of 

water into the film and leads to plasticisation of the films by moisture. Since reactions 

of radicals in a solid polymer are generally diffusion controlled processes, the diffusion 

rate of both oxygen and radicals in the films should be greater in plasticiscd films. 

Therefore, degradation is increased with humidity. Photo-oxidation of the surface 

produce regions with low cross-linked, low molecular mass and polar materials, such 

regions have been ten-ned as "hydrophilic" [132]. They behave like hydrophilic 

membranes which take up an important amount of water between 45-75% based on the 

dry film and they have an ionic diffusion coefficient greater than the rest of the film. 

[133] Another consequence of plasticisation is that the presence of water in the film 

should decrease the glass transition temperature of the coating. Dan and Gillet [134] 

have shown that the quantum efficiency of glassy polymer chain scission increases 

rapidly to the value obtained for the same polymer in solution as the temperature 

increased above the Tg. Therefore if the polymer Tg fell below the sample temperature 

during exposure, it is expected that the radical diffusion and reaction species in the film 

would increase. 
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8.2) Surface erosion 

As shown oil SEM micrographs and XPS experiment, the paint surlace crodes away 

during exposure leaving unbound pigment on the surface see picture. Tills is all obvious 

consequence of the photo-initiated reactions described earlier and leading to polyllier 

degradation. 

Voids created by 
pigillent activity 

Figure 8.8: SEM micrograph of thermosetting ac! ylic niag. x 7500 

In figure 8.8, the weathering appears to ablate the resin rich surflace layers to expose the 

pigment, which is then dislodged as weathering continues. Iniages clearly show 

pigments particles at the surface after exposure, creating a chalked surkice. XPS 

quantitative results also show a loss of pignient after washing the surface. It is likely 

that the degradation and weakening of the polymer niatrix surrounding the particle is tile 

reason for this. The degradation ofthc polymer is caused by photo-oxidation reactions 

and hydrolysis of the polymer backbone and crosslinks; also it is likely that 111ailium 

dioxide particles become activated after absorbing light and catalyse photodcgradation 

of' the polymer matrix. This is more likely to occur once tile top layer ofthe resin has 
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disappeared leaving the pigment particle at the air-coating Hitert'ace (figure 8.9). 

Furthermore the degradation of the polymer matrix is accelerated in those particular 

regions. We can clearly see deep voids in the area where more pigment particulate are 

sited on the surface. 

A schematic illustration of the weathering process is shown in tile figure 8.9 It-oil) 

reference [135]. The resin surface ablates away (a, b) until the surrounding resin cannot 

support the pigment particle (c) which is unbound and falls out (d). 

Figure 8.9: Surface erosion during weathering, 

Surface erosion leading to the formation of chalked surface questions indeed, tile 

exterior durability of the coating; however this effect may not be as bad its It sounds 

especially when considering dirt release. It can easily be imagine that any particle no 

matter how strongly it is adhered to the surface will be subsequently removed Froin it or 

significantly loose its adhesion strength. The chalky surface is thought to be the reason 

why the acrylic coating is one of the best dirt resistant systems tested out-doors. 
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XPS results on this surface show the highest titanium content on the surface 4.4% and 

this amount is halved after washing, obviously in the mean time the inorganic pollutants 

are also considerably reduced after washing. If the surface erosion occurs at a 

reasonable rate, this will considerably help dirt release while preserving the coating 

integrity (if erosion is to fast the coating will fail its protective function). 

8.3) Nature of Dirt Particles and adhesion under water 

It has been shown previously that the particles contaminating the surface are mainly 

made of inorganic alumino-silicate originating from the ground, and they are also made 

of organic pollutants. Quantitative results from XPS experiment of the weathered panels 

show a constant ratio between aluminium. and silicon on most surfaces the Si/Al ratio is 

about 2, therefore the dirt seems to be a combined form of aluminosilicates. 

The organic component itself was hard to quantify, the small concentration on the 

surface was not enough to run any qualitative analysis, however in the case of Silicone 

Modified Polyester, the micrograph clearly shows the formation of fungus or mildew on 

their surface, 

As explained before the adhesion of particle on the surface is mainly controlled by polar 

and dispersive forces. Therefore in this section the work of adhesion of cach type of 

parficles (inorganic and organic) onto the surface of the panels exposed was evaluated, 

if we know each component of the solid surface energies, we can easily calculate tlie 

work of adhesion in air and under water. [136,137] 
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We have already expressed the work of adhesion Wa of a dirt particle (D) on the coating 

surface(C): 

Wa ý It + 7D -YCD (3.4) 

The work of adhesion can be express with each individual component in terms of 

dispersive and polar parts, using the following equation: 

'YCD = lyc + lb -2 (Itd . 'YD d) 1/2 
_2 (ycp. V) 1/2 (3.1) 

Replacing into equation 3.4 the work of adhesion in air becomes: 

Wa = 2[(yc d. Wd)1/2 + (YCP - 'YDP)112 I (8.1) 

In water the work of adhesion can be expressed in the forin first introduced by Harkins. 

[1381 

Wa, w ='ýtw + 'yDw - 'YcD (8.2) 

d 1/2 (, y d 1/2. P 1/2 
- (y Cp Wa, w = 2[ltw cD 

V) (TD W) 

+ (^Jc d- 
'YD d) 1/2 + ('Yc p. 

TD P) 1/2 1 (8.3) 

Table 8.1 Dispersion and polar components of HqUid and solid surface [138] 

element Y(MJ. M") -I(MJ. M") 
, 

-y (mJ. m7') 
Water 21.8 51 72.8 
mineral 
oil 25 0 25 

Si02 78 209 287 

A1203 100 538 638 

Fe203 107 1250 1357 

Inorganic materials have very large polar components 
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Table 8.2. Disl2ersive and polar component of tested panels calmlated by Owens Method 

Element Y(mj. ffl) m") -y( J. nf') 
CW 6393 - 33.39 0.04 33.43 
CW 6394 33.2 15.88 49.08 
CW 6395 32.97 1.19 34.16 
CW 6396 31.52 1.12 32.64 
CW 6397 36.39 1.77 38.16 
CW 6398 36.44 3.11 39.55 
CW 6399 36.12 1.09 37.21 
CW 6400 33.73 1.71 35.44 
CW 6401 37.19 0.06 37.25 
CW 6402 39.33 0.78 40.11 
CW 6404 32.89 2.88 35.77 
CW 6405 31.37 2.24 33.61 
CW 6406 40.22 2.06 42.28 

Table 8.3 Work of adhesion in air and water calculated with equation 4,1 and 4.3 

Wa in air lMjM-2 Wa In water/mjm, 2 
mineral Mineral 

sample oil 
A1203 

1 
Si02 oil A1203 SiO2 

CW 6393 57.78 124.85 107.85 99-88 -211.04 -92.32 
CW 6394 57.62 300.10 217.00 45.81 -89.69 -37.08 
CW 6395 57.42 165.44 132.96 87.13 -182.82 -79.59 
CW 6396 56.14 161.38 129.77 87.51 -185.23 -81.13 
CW 6397 60.32 182.37 145.02 83.90 -172.04 -73.67 
CW 6398 60.37 202.54 157.62 77.72 -158.09 -67.30 
CW 6399 60.10 168.63 136.34 87.98 -181.47 -78.05 
CW 6400 58.08 176.82 140.39 84.08 -175.16 -75.87 
CW 6401 60.98 133.33 114.80 99.45 -206.18 -89.00 
CW 6402 62.71 166.40 136.31 90.45 -183.85 -78,22 
CW 6404 57.35 193.43 150.37 78.47 -163.44 -70.78 
CW 6405 56.01 181.45 142.21 81.24 -171.30 -74.83 
CW 6406 1 63.42 193.42 153.52 1 82.61 -165.37 -69.56 

The work of adhesion (Wa) of inorganic material in air is quite important and increascs 

considerably when polar component Y of the coating increases, the Wa value for the 

hydrophilic surface is twice as much as the Wa for the acrylic surface which has a very 

small polar component. Under water the work adhesion becomes negative due to the 

higher affinities between the inorganic particle and water which has high polarity, 
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therefore the removal of inorganic material should be thermodynamically favoured 

when wetting occurs. 

The work of adhesion of a mineral oil in air depends on the value of dispersive 

component and will increases when the dispersive component 'ý of the coating 

increases. In water the work of adhesion of the oil has increased for all the systems apart 

for the hydrophilic surface, this indicates a tendency of the oily particle to stick more to 

most coating surfaces under water. 

The fact that the hydrophilic surface is the only one that gives a decrease in Wa is 

because of the polar component (Y) of this substrate, that decreases the adhesion under 

water. 

If the adhesion of particle on the surface is only controlled by polar and dispersive 

forces, the following points can be made; 

" Dry adhesion of inorganic material is strong 

" Inorganic particles deposited on the surface should not adhere to the surface 

when wetting occurs and should thus be easily removed. 

" Organic particles have a higher affinity with the polyester and SMP surfaces 

when wetting occurs except for the hydrophilic surface. However, it has been 

shown from the dirt pick up test that this particular surface rctains organic 

material, 
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8.4) Dirt pick up mechanism 

The concept behind the work of adhesion calculation in air assumes that the particles are 

brought in contact with the coating surface in a dry environment, it is known that it is 

not always the case during outdoor exposure, Firstly surfaces are more likely to be 

covered by at least a monolayer of water molecules due to the relative high humidity. 

Secondly soiling is thought to be more important in humid conditions, with the 

pollutants being carried onto the surface by rain fall washing out atmospheric dust and 

other airborne particulates. Nano or micro sized particles suspended in the atmosphere 

can be entrapped and agglomerate to form colloidal particle inside water droplets. The 

smallest particles when brought onto the coating surface can fill the voids in the coating 

leaving the largest particles to settle on it, therefore increasing further the adhesion of 

such particles. 

The dirt can migrate into the coating especially in the region where plasticisation 

occurs; due to water soluble regions with polar groups, lower crosslink density and low 

Tg. The water can diffuse into the coating carrying its contents below the surface as 

observed on some micrographs shown in section 6.3. 

Organic particles or Volatile organic compounds (VOC) that are produced by industrial 

emissions, car exhausts or even plane engines, can be either absorbed on the surface of 

inorganic particles, with their polar groups attach to the surface, or form micelles in 

water droplets and be transported onto the surface by winds or rain fall. The latter call 

explain the preferential formation of organic deposition on the hydrophilic surface. 
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As said before the water contact angle on the hydrophilic surface is around 550 

compared to 850 for other coatings, therefore water droplets have a large contact area 

and form a sort of thin film on the surface, this hydrophilic character of the surface and 

its morphology causes the accumulation of organic debris in the craters. It can be 

imagined that the water filling up the crater like defects on the surface is more likely to 

be removed only by evaporation, because of the high polarity (extensive hydrogen 

bonding) and the large contact area. Therefore any particulates dissolve or not, inside 

the droplet will be simply left over on the surface after evaporation. 

On the other hand, if the organic components are absorbed on the surface of inorganic 

particle it may dcsorb from it surface (during high temperature) and be reabsorbed on 

the coating surface after evaporation. The inorganic components are loosely adhered on 

the surface as they are easily removed by further washing, in contrast organic materials 

are strongly absorbed on the surface. The fact that dark patches are only seen in these 

craters reinforces the idea that soiling of surfaces mainly occurs via water droplets 

rather that in dry condition, other wise the surface would have been randomly soiled 

during weathering. Furthermore the phase of this particular organic dirt seems to be 

viscous in nature more than solid such as carbon black residue, as no granular 

particulates are observed, though it might soil the surface but not to any great extent. 

The Work of adhesion of an oil particle onto an alumina particle A1203 is 100 mj/m2, ln 

air and -225.8 Mj/M 2, in waterý This shows that oleopbilic components absorbed onto 

inorganic material are more likely to desorb under water, however the work of adhesion 

is calculated for pure aliphatic component (-CH2-CI12-), although many organic 

pollutant such as surfactant molecules have a hydrophilic or polar head group which is 

attached to the surface with the hydrophobic tail sticking out figure 8,10, therefore 

increasing the adhesion of such material on the surface. 
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Other organic materials such as aromatic compound can accumulate into the 

hydrophobic tail region. In the same behaviour surfactant molecules will adhcre to tile 

hydrophilic surface and allow accumulation of other oleophilic pollutant. 

Alumino silicate 

Figure 8.10: Surfactant absorbed on ino[ganic material 
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8.5) Polvester-Nanocomposites 

Coatings formulated with resin prepared via the insitu process gives better dirt pick up 

resistance than those prepared by the direct-mixing process. Two physical property 

enhancements are thought to be the reason for improvement. First the surface hardness 

of the coatings is increased after incorporation of the clay, therefore this facilitates the 

dirt release mechanism as discussed in section 3.8. Especially above the Tg of the 

material the layered silicate may restrict the polymer chain motion therefore limiting 

softening, however hardness tests should be carried above the material's Tg to certify 

this assumption. Another improvement is in the diffusion barrier property toward both 

gas and water, The diffusion of oxygen and water molecules into the bulk is decreased, 

therefore limiting the propagation of radical species and decreasing die rate of photo- 

oxidation leading to the reduced formation of hydrophilic functionalitics. Also the 

diffusion of water is reduce, water absorption by the coating that causes plasticisation 

and softening of the film as discussed earlier. 

Differences may also be attributed to the overall polyestcr-nanocomposite morphology. 

Fully exfoliated structures may have a better impact in coating properties as the 

dispersion in the polymer matrix is more homogeneous. This is more likely to occur via 

the insitu route, as the energy to achieve a fully delaminated structure is higher than the 

energy needed to obtain the intercalated or sandwiched structure. The thermal agitation 

together with the fact that polymerisation occurs within the sheet may favour the 

delaminate structure or definitely promote it. 
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The exfoliated structure may be in higher proportion to the resin prepared with the 

insitu process whilst the direct mixing route would mostly give an intercalated structure, 

however more TEM experiments need to be done to confirm this. 

Another fact is that the polymer backbone is changed via the insitu route, as ammonium 

salts seems to degrade and react at high temperature, interacting with the polymer 

growth, and this leads to higher molecular weight molecules. Therefore the 

improvement in properties may be caused by both factors. However the garamite clay 

which is less reactive (ammonium salt bearing no bydroxyl groups) does seem to have 

little influence in the final polymer structure. In this case only the resulting 

nanocomposite structure can be the contributing factor to the improvement in physical 

properties, and dirt resistance. 
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CHAPTERIX 
EPILOGUE 

9.1) Conclusion 

The main source of soiling consists of alurnino-silicates and organic pollutants for the 

minority, each coating surface having its own preference. 

During weathering the coatings chemistry are altered by photo-initiated reactions, and 

via Norrish type I and type II reactions, several sites on the polymer backbone are 

affected with the ester linkage and the melamine cross-linkage being the more reactive. 

The products formed at the surface increase the coatings water solubility and 

plasticisation of the film occurs. Weathering also provokes the resin ablation resulting 

in the creation of a chalking surface especially for the thermosetting acrylic and this 

reinforce dirt release. 

Soiling of coating surfaces by atmospheric particles is more important in humid 

condition, than in a dry environment, moreover rain droplets can carry the particle 

within the film. Organic components have been detected on tile high resolution carbon 

spectrum and the different carbon phases create an unusual broadening of tile peak with 

low binding energy photoclectron emitted. 

Organo-clay incorporation improves dirt pick up resistance of the coating. Tile best 

results were obtained when the insitu intercalative method was used, however the 

implication of the oniurn salts is obscure and the relation between the nanocomposite 

structure and its properties is not well understood. 
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9.2) Future work 

0 To perform XPS on same washed/unwashed surfaces using chemical 

derivatisation technique, to be more precise on the surface chemistry and the potential 

binding sites for dirt particles. 

0 To investigate other organo-clays with more suitable onium surfactants, that are 

less temperature sensitive for example. 

0 Implication of ammonium salts during step-growth polymerisation, especially 

when the alkyl ammonium salts is bearing hydroxyl groups and to investigate the 

products of the possible degradation reaction. 

0 To study the relation between nanocomposites structure and coatings properties, 

How the two possible structure fully exfoliated and intercalated or possibly a mixture of 

both affect the pbysical properties? 

6 The deposition of Titanium dioxide thin film by Chemical vapour deposition at 

low temperature, to obtain nano-sized titanium dioxide particle with good adhesion and 

good mechanical properties. 

Application of textured micro-structure on PET surfaces, for the realisation of 

superhydrophilic or superhydrophobic surface depending on the 
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APPENDIX1 
INSTRUMENTATION 

Vibrational spectroscopy was used to determine the main chemical groups present in 

the polymer backbone, and to estimate how the main functionalities are affected during 

out-door exposition. The theory behind Photo acoustic FT-IR and Raman spectroscopy 

is discussed below. 

Vibrational spectroscopv Theo 

As other spectroscopy techniques this involves the interaction of photons with the 

surfaces of the sample under investigation, resulting in energy transfer to or from the 

surface absorbed species via vibrational excitation or de-excitation. The discrete energy 

transferred corresponds to the vibrational quanta, and analysis of these energies 

provides the means of determining the structure of the surface species. 

When IR light radiation is absorbed by various parts of the molecule, which arc 

vibrating at a particular frequency, depending on the strength of the bond between the 

constituent atom, their mass and the type of vibration occurring; several modes of 

vibration can occur they include; symmetric stretch, asymmetric stretch, in plane 

deformation (bending and rocking), out of plane deformation and wagging. Stretching 

require the most energy to initiate a transition whereas wagging need the least. 

Symmetric vibrations in which the dipole moment is not changing are not infrared 

active when asymmetric vibrations are. To study symmetric vibration tile related Raman 

spectroscopy is required, 
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Fourier transform 

The Fourier transform machine exposes the sample to the whole spectrum 

instantaneously. The light is modulated by a moving mirror in a Michelson 

interferometer. This device induces a periodically varying path between two, equal 

intense beams from the source produce by a simple optical device to split beam 

intensity, called the beam splitter. The two beams, which contain all wavelengths 

emanating from the source, are recombined and detected. The intensity measured will 

depends of the overall effects of the phase difference for each component wavelength, 

and this signal is also called interferograms. The mathematical operation of converting 

or transforming a signal which intensity varies with path length to a spectrum in which 

intensity varies with wavelength is known as Fourier transformation. 

FT Laser Raman Wectroscog 

As said before Raman is complementary to infrared spectroscopy. The Raman Effect 

relies upon the polarisation of the electron cloud, describing a chemical bond by the 

electric field of incident beam electromagnetic radiation. A monochromatic laser source 

is used to induce excited state; the resulting scattered light is collectcd to gives a 

spectrum. 

184 



INSTRUMENTATION 

Photo acoustic spectroscop- 

This method has been developed for particular materials that absorb too much radiation 

for typical transmission Ir. 

The samples are placed in an acoustically isolated chamber, which is scalcd and purged 

with helium. The modulated beam from the spectrometer is absorbed by the sample 

which is repeatedly heated and cooled. The heat produced is conducted to the surface 

where it warms a layer of gas in contact with it. This layer expands and contracts 

causing a pressure wave which is pick up by a sensitive microphone 
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X-rav Photoelectron spectroscop 

This technique was used to characterise the surface chemistry from the top layers. 

X-ray photoelectron spectroscopy is also called electron spectroscopy for chemical 

analysis (ESCA), the two acronyms are used interchangeably. In this technique the 

surface to be analysed is first placed in an ultra high vacuum environment and then 

irradiated with X-ray photon. The surface emits photoelectrons after direct transfer of 

energy from the photon to the core-level electron. These emitted electrons are 

subsequently separated according to energy and counted. The energy of the 

photoelectron is related to the atomic and molecular environment from which their 

originated. The number of electrons emitted is related to the concentration of the 

emitting atom in the sample. 

The photoemission process can be simply described by the Einstein equation: 

E13 = hp - KE; where E13 is the binding energy of the electron in the atoin , lip is the 

-1 energy of the X-ray source, and KE is the kinetic energy of the emitted electron th, t is 

measured in the spectrometer. 
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Scanning Electron Microscop (SEM) 

In this technique electron are liberated from a field emission source and accelerated in a 

high electrical field gradient. Two images can be obtained; 

Prima1y ima 

When the electron beam encounters a nucleus in the sample, the resultant Coulombic 

attraction results in the deflection of the electron's path, known as Rutherford elastic 

scattering. A few of these electrons will be completely backscattered, re-emerging from 

the incident surface of the sample. Since the, scattering angle is strongly dependent on 

the atomic number of the nucleus involved, the primary electrons arriving at a given 

detector position can be used to yield images containing both topological and 

compositional information. 

Secondaa electron image 

The high energy incident electrons can also interact with the loosely-bound conduction 

band electrons in the sample. The amount of energy given to these secondary electrons 

as a result of the interactions is small, and so they have a very limited range of few 

nanometres. Because of this only those secondary electrons that are produced within a 

very short distance of the surface are able to escape from it This means that the 

detection mode boast high resolution topographical images, making this most widely 

used of the SEM modes. 
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Transmission electron microscopv 

The TEM is another electron-optical microscope. The source radiation is generated 

using an electron gun. The resulting beam of electrons is focused into a tight, coherent 

beam by a multiple electromagnetic lenses and apertures. The lens system is designed to 

eliminate stray electron as well as to control and focus the beam. Data are collected afler 

the focus beam passes through the sample. 

Ener, u-DiMersive analvsis ofX-ravs 

Another possible way in which a beam of electron can interact with an atom is by 

ionisation of an inner shell electron. The resultant vacancy filled by an outer electron, 

which can release its energy by emitting an X-ray. These produce characteristic lines in 

the X-ray spectrum corresponding to the electronic transitions involved. Since these 

lines are specific to a given element, the composition of the material can be deduced. 

This can be used to provide quantitative information about the elements present at a 

given points in the sample, or alternatively it is possible to map the abundance of a 

particular element as a function of the position 
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IR, RAMAN SPECTRUM & SEM OF UNWEATHERED PANFLS 

APPENDIX 2 
IR/RAMAN SPECTRUM&SEM of UNWEATHERED PANELS 

Thermosetting acEylic 

Mag: x 3500 7500 
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IR, RAMAN SPECTRUM & SEM OF UNWEATHERED PANELS 

Silicon Modified Polyester based on crodasil 

Mag: x 7500 800 
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IR, RAMAN SPECTRUM & SEM OF UNWEATHFIZ I'D PANELS 

Polyester based on lCroda 1234 
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IR, RAMAN SPECTRUM & SEM OF UNWEATHERED PANELS 

Polyester + hydrophilic additive 
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IR, RAMAN SPECTRUM & SEM OF UNWFATHERED PANELS 

PET lamicoat 

Mag: x 4000 7500 
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IR, RAMAN SPECTRUM & SFM OF LJNWFATI I FR ED PAN FIS 

Polyester based on Polymac 

Mag: x7500 
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IR, RAMAN SPECTRUM & SEM OF UNWEAT11FRED PANELS 

Polyester based on Croda 07A 

Mag: x1000 x7500 
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IR, RAMAN SPECTRUM & SEM OF UNWEATHERED PANELS 

Polyester based on Dynapol VP8 I 
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IR, RAMAN SPECTRUM & SEM OF UNWEATHERI'D PANELS 

Polyester based on Dynapol L436 

Mag: x1000 x7500 

197 



IR, RAMAN SPECTRUM & SEMO-F tJNWFA'FtlFRFD PANFLS 

Polyester based on Croda 090 

Mag: x1000 x7500 
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IR, RAMAN SPECTRUM & SEM OF LJNWFAI'HFRFD PANELS 

Polyester based on Croda 080 

Mag: x1000 x7500 
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IR, RAMAN SPECTRUM & SEM Ol`UNWEATHFRFD PANFLS 
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IR, RAMAN SPECTRUM & SEM OF UNWEATHERED PANELS 

Polyester based on Uralac 845 

Mag: x3500 7500 
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IR, RAMAN SPECTRUM & SEM OF UNWEATHERED PANFILS 

SMP based on Benester 
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FTIR SPECTRUMS UNEXPOSED/EXPOSED 

APPENDIX 3 
FTIR SPECTRA UNEXPOSED/EXPOSED 
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FTIR SPECTRUMS UNEXPOSFD/EXPOSFD 

Polyester based on Croda 090 
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FTIR SPECTRUMS UNEXPOSFIXEXPOSED 

Polyester based on Croda 065 
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SEM IMAGFS OFIAPOSIA) PANFI. S 

APPENDIX 4 
SEM IMAGES OF EXPOSED PANELS 

SMP based on Crodasil 

PET laminate 
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Polyester + Hydrophilic additive 

SEM IMAGES OF EXPOS1.1) PANFLS 
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ynapol VP81 

SEM IMAGES OF EXPOSED PANELS 
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PAINT FORMULATION 

APPENDIX 5 
PAINT FORMULATION 

Resins are 65% in weight solid, the percentage of clay in the cured coating are 

calculated from the solid component in the paint formulation. 

White based on 7122/1 

description grams weight percentage 
resin 7122/1 120 37.53 
butyl diglycol 17.52 5.48 
solvesso 150 17.76 5.56 

tioxide RTC 90 95.22 29.8 
cabosil M5 0.6 0.19 

defoamer PC 1244 0.75 0.23 
Cymel 303 7.11 2.22 
Cymel 325 6 1.88 

acid catalyst 62/293 1.8 0.56 
acid catalyst 62/289 0.18 0.06 

dynoadd FI 3 0.94 
Syloid ED3 8.4 2.34 

1 Ethoxy propyl acetate 1 41.3 1 12.92 

White based on 7122/2 (2% wt of clav In coatint! ) 

description grams weight percentage 
resin 7122/2 121 37.2 
butyl diglycol 17.6 5.41 
solvesso 150 17.6 5.41 

tioxide RTC 90 95.22 29.27 
cabosil M5 0.6 0.18 

defoamer PC 1244 0.75 0.23 
Cyrnel 303 7.11 2.18 
Cymel 325 6 1.93 

acid catalyst 621293 1.8 0.61 
acid catalyst 62/289 0.18 0.08 

Sylold ED3 1.87 0,57 
Ethoxy propyl acetate 1 55 

-j 
16.91 
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White based on 7122/3 (2% wt of clav in coatin2) 

description grams weight percentage 
resin 7122/3 120 30.79 
butyl diglycol 17.52 4.49 
solvesso 150 17 4.39 

tioxide RTC 90 95.22 24.4 
cabosil M5 0.6 0.15 

defoamer PC 1244 0.75 0.19 
Cyrnel 303 7.11 1.82 
Cyrnel 325 6 1.53 

acid catalyst 62/293 1.8 0.46 
acid catalyst 62/289 0.18 0.05 

Ethoxy propyl acetate 1 55 1 16.91 

White based on 7122/1 (5.2% wt of garamite In coating) 

description grams weigh percentage 
resin 7122/1 110 33.67 

garamite 10 3.06 
butyl diglycol 18.2 5.57 
solvesso 150 17.6 5.39 

tioxide RTC 90 95.22 29.14 
cabosil M5 0.6 0.18 

defoamer PC 1244 0.75 0.23 
Cymel 303 6.55 2 
Cymel 325 5.5 1.68 

acid catalyst 62/293 1.64 0.5 
acid catalyst 62/289 0.16 0.05 

Syloid ED3 7.5 2.29 
Ethoxy propyl acetate 1 53 16.22 

White based on 7122/1 (10% wt of aaramite In coatina) 

description qrams weight percentage 
resin 7122/1 110 29.5 

garamite 20 5.36 
butyl diglycol 18.2 4,72 
solvesso 150 17.6 4.82 

tioxide RTC 90 95.22 25.5 
cabosil M5 0.7 0.17 

defoamer PC 1244 0.8 0.2 
Cymel 303 6.55 1.75 
Cymel 325 5.5 1.47 

acid catalyst 62/293 1.64 0.44 
acid catalyst 621289 0.16 0.04 

Ethoxy propyl acetate 1 97.2 1 26 
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White based on 7122/1 (5.2% wt of clolsite in coatim! ) 

description grams weight percentage 
resin 7122/1 110 34.92 

cloisite 10 3.17 
butyl diglycol 17.6 5.6 
solvesso 150 17.6 5.6 

tioxide RTC 90 95.22 30.22 
defoamer PC 1244 0.75 0.24 

Cymel 303 6.55 2.08 
Cymel 325 5.5 1.74 

acid catalyst 62/293 1.64 0.52 
acid catalyst 62/289 0.16 0.05 

1 Ethoxy propyl acetate 1 50 1 15.87 

White based on 7122/1 (10% wt of clay In coatina) 

description qrams weight percentage 
resin 7122/1 110 26.4 

cloisite 20 4.8 
butyl diglycol 17.6 4.2 
solvesso 150 17.6 4.2 

tioxide RTC 90 95.22 22.8 
defoamer PC 1244 0.75 0.18 

Cymel 303 6.55 1.6 
Cymel 325 5.5 1.3 

acid catalyst 62/293 1.64 0.39 
acid catalyst 62/289 0.29 0.07 

Ethoxy propyl acetate 142 1 34 

White based on 7122/4 (4.1% wt of garamite In coating) 

description grams weight percentage 
resin 7122/4 89.2 29.2 
butyl diglycol 13.2 4.3 
solvesso 150 12.1 4.0 

tioxide RTC 90 70.3 23.0 
defoamer PC 1244 0.70 0.2 

Cabosil M5 0.4 0.1 
Cymel 303 5.28 1.7 
Cymel 325 4.4 1.4 

acid catalyst 62/293 0.12 0.2 
acid catalyst 62/289 1.2 0.04 

Ethoxy propyl acetate 1 108.5 t 35.5 
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PAINT FORMULATION 

White based on 7122/6 (4.1 % wt of clav In coatina) 

description 
_ 

grams 
weight 

percentage 
resin 7122/6 89.2 33 
butyl diglycol 13.2 4.9 
solvesso 150 12.1 4.5 

tioxide RTC 90 70.3 25.9 
defoamer PC 1244 0.70 0.26 

Cabosil M5 0.4 0.15 
Cyrnel 303 5.3 1.9 
Cyrnel 325 4.4 1.6 

acid catalyst 621293 0.12 0.04 
acid catalyst 62/289 1.2 0.4 

Ethoxy propyl acetate 1 73.9 27.3 

White based on 7122/6 + 8% (12% wt of clay In coating) 

description grams 
weight 

perc ntage 
resin 712216 89.2 20.2 

garamite 12 2.7 
butyl diglycol 13.2 3 
solvesso 150 12.1 2.7 

tioxide RTC 90 70.3 15.9 
defoamer PC 1244 0.25 0.06 

Cabosil M5 0.4 0.09 
Cymel 303 3.8 0.86 
Cymel 325 3.2 0.72 

acid catalyst 62/293 1 0.22 
acid catalyst 62/289 0.1 0.02 

Ethoxy propyl acetate 235.7 1 53.4 

White based on 7122/6 +17.9% (21.3% wt of clay In contina) 

description grams 
weight 

percentage 
resin 7122/6 89.2 18.6 

garamite 30 6.3 
butyl d1glycol 13.2 2,7 
solvesso 150 12.1 2.5 

tioxide RTC 90 70.6 14.8 
defoamer PC 1244 0.5 0.1 

Cabosil M5 0.4 0.09 
Cymel 303 3.8 0.8 
Cymel 325 3.2 0.7 

acid catalyst 62/293 1 .2 
acid catalyst 62/289 0.1 0.02 

Ethoxy propyl acetate 1 254 1 53.1 
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XPS SPECTRUM POLYESTER- NANOCOMPOSITFS 
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XPS SPECTRUM POLYESTER- NANOCOMPOSITES 
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XPS SPECTRUM POLYFSTER- NANOCOMPOSITFS 
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