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Abstract 

Abstract 

Polymeric coating research requires advanced spectroscopic techniques to perform 

more efficient and detailed analysis in order to improve knowledge on the component 

distribution and the degradation of functional groups in the coating. In this work, the 

advanced non-destructive Step-scan Photoacoustic (SSPA) FTIR and Confocal Raman 

Microscopy (CRM) techniques were developed and applied to the component 

distribution studies and degradation studies of polyester/melamine based coil coating. 

The results show that both techniques are very suitable to carry out both qualitative 

and quantitative analyses. 

The degradation of polyester/melamine coil coating exposed in various environmental 

conditions were studied in detail using the advanced SSPA-FTIR and CRM techniques; 

the results clearly show that the coating degradation is highly dependent on the 

weathering conditions. Acid rain was also found to significantly affect the coating 

durability. Moreover, different pigments incorporated into the coating formulation 

were also found to have a major impact on the coating durability. 

With the help of the powerful CRM component distribution analysis function, 

melamine enriched zones that were very likely to arise from the melamine 

self-condensation during the curing process of coil coating were clearly observed in 

the coatings. This finding confirms the hypothesis developed over 20 years in the coil 

coating research field. Moreover, the durability of the melamine enriched zones was 

also investigated in this work. 
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Introduction 

1 Introduction 

Polymeric coatings are materials applied to surfaces for the purposes of colouring, 

decorating, or protecting them. They can be found in everyday use. For example, 

regarding indoor applications, there are coatings on the walls, wood furniture, 

refrigerators and other domestic appliances. For outdoor applications, there are 

coatings on the outside of houses, buildings and cars. They can also be very easily 

found on the products of daily life, such as computers, cans, and even glasses. There is 

no doubt of the great importance of polymer coatings to human society. 

There are many different methods to classify polymeric coatings. They can be 

described by the colour (clear, pigmented, or metallic); function (corrosion resistant, 

flame retardant or abrasion resistant); resin system (polyester, polyvinylidene fluoride, 

or polyurethane); curing process (thermal or UV cured); application (in-door or 

out-door); and even the application process (spray, dip, or coil coating). The polymeric 

coatings under investigation in this project are mostly based on polyester-melamine 

binders with organic/inorganic pigments or even no pigment. They were applied to hot 

dip galvanised steel by either industrial coil coating production line or a laboratory 

simulation of that process that is using wire wound draw down bars. 

Coil coatings are mainly employed in out-door applications, such as industrial and 

domestic cladding, automotive parts and caravans. Such applications often mean the 

coil coating is exposed to aggressive environmental conditions including large 

temperature variations, strong sunlight, atmospheric pollution and humidity. Such 

factors will undoubtedly affect a coating's appearance and performance over time. 

Through a process of progressive improvement today's coil coatings have much 

improved exterior durability, however, this does not ensure that these coating systems 

achieve the expected performance, particularly in areas with high humidity, intense 

UV or frequent acid rain. 
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Introduction 

Research on the out-door performance and degradation mechanism of coil coatings has 

been carried out for many years, most of which was focused on the polymer resin 

degradation; less information on the effect of pigment on coating durability was 

previous discussed. There are still many questions remaining unanswered due to the 

restrictions of the analytical techniques and other related issues. In other words, 

polymer coating research still has a very large potential to be explored. For example, it 

is well known that the durability of aliphatic polyester is better than aromatic polyester 

given that aromatic ring absorbs much more UV radiation and is more likely to 

generate free radicals. However, this may not necessarily be true for all cases. The 

series of coil coatings under investigation in this project have been exposed for two 

years in Hainan province, Southeast of China; it was then observed that the samples 

with high durability (aliphatic) resin system performed much worse than the 

unimproved (aromatic) coil coatings. Work has been carried out to discover what 

happened. The results will be presented in the following chapter. 

It is undoubtedly of great importance to fully understand the chemistry behind the 

failure of coatings in order to predict their service life time and to improve their 

long-term durability; the research has also stimulated the application of new analytical 

techniques to coil coating research. Modern techniques help people to gain a better 

understanding of the degradation mechanisms and processes. More recently, the 

attention has been focused onto smaller scale with more detailed analysis. For example, 

the depth profiling of polymer coatings is of great interest as it helps to view the 

degradation progress through out the film. The special distribution of resin molecules 

in the coating that was only predicted or modelled many years ago becomes clear with 

the help of new techniques. Further more, a non-destructive analysis is more and more 

favourable as one can imagine how precious are the coil coating samples that have 

been weathered for over 25 years. The developments and applications of some 

non-destructive techniques in polymer coating research will be performed in this thesis. 

More interestingly, some of the results obtained using those techniques could explain 

the hypotheses constructed many years before. 

16 



Introduction 

Briefly, this thesis includes: 

1. The development and application of novel non-destructive spectroscopic 

techniques for studying coil coatings. 

2. A study of the distribution and degradation of different chemical moieties in 

polyester/melamine coil coatings. 

3. Using the developed novel spectroscopic techniques together with other traditional 

analytical methods to investigate the poor performance of a series of high 

durability coil coatings exposed in Hainan, China. 

4. A study into the effects of pigment, e. g. types and concentration, on coil coating 

durability. 

5. A study into the effects of environmental conditions e. g. UV light intensity, 

humidity, and acid rain etching on coil coating durability. 
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2 Coil Coating Process, Chemistry and Durability 

2.1 Coil Coating Process 

2.2.1 Introduction 

Coil coating is also known as "Prepaint", which is a highly automated and continuous 

process for coating metal before fabrication. The coil coating process traces its roots 

back to the earlier half of last century. It was originally developed as an effective way 

to paint metal for Venetian blinds (Froehlich, 1998). Nowadays, its uses are extended 

into many different types of application in many industry fields. 

Some of the crucial advantages/disadvantages of coil coating process are summarised 

as below: 

Advantages: 

I Economy: reduction of inventory, floor space, capital, and direct or indirect labour 

cost. 

2 Environmental friendly: all emissions originate at the production plant. 

Emissions are only 5% mainly CO2 with fugitive solvents. 

3 Superior painting qualities: it is a direct result of painting in a highly controlled 

environment on a flat strip where superior cleaning and pre-treatment can be 

achieved. 

Disadvantages: relatively poor scratch resistance and edge corrosion. 

In general, the coil coating process is very favourable for applying high quality organic 

coatings onto the metal substrates. It adapts to special design and is very easily shipped 

or stored as coils without damaging coating. Products such as roofing and siding, metal 

entry or garage doors, and even prepainted metal gutters or trim can be found in use on 

almost any home or business. Many domestic appliances are also made from 

prepainted material. 
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2.2.2 Coil Coating Production Line 

A general schematic diagram of the coil coating production line is shown in Fig. 2.1; it 

is observed that the processes of the coil coating production involve several aspects 

including; unwinding the metal coil, cleaning, pre-treatment, primer coating, curing, 

top coating, curing, rewinding and packing. However, some sections in the whole coil 

coating process may be changed to adapt to special requirements, e. g., single or double 

side coatings. 

The whole coil coating production line generally has 5 sections that cover all of the 

processes listed in Fig. 2.1. They are the pay-off section (A+B), entry accumulator 

section (C), cleaning and pre-treatment section (D+E), coil coating section (F+G+H+I), 

and exit accumulator section (J+K+L). 

Ot Ir. mu; a1'. 1 prrtnetrnrut 
d I'nrtwr . Mtub: 
fb Tor .r uttrw, 
OI 

. tmnatrtg, or rtmhc,, wstty; 
0 RcY rwlny f. x inqttwm 

I -- 

Gl ßam mcts) is un: Acti) 
G y41. iryt 
4 A. ýuinulat.. r. t: wkIrntn"1 
© M(1A . kvt-A%tryc.. lcantryq. nnuryt 1r. k . hettucal prctratment 
to LM"uy; over. 
q Pttttnr untt lrM or hCVlt ides 

w CunnR oven 
IJ l:. vtulguntt t. ý <«+t aý {ýlial ýxx iY lxxlt ýý ý 
O i: unnt; 4 not 

` ®1 annnattlv - , ýtla of h. +f! 1ýt. ir+, or c"ttý+axmmtlq 
t. At , umttlattx cta. k (cntl 
ORr, ., ding tntshrd meal 

Figure 2.1 Schematic diagram of the coil coating production line 

2.2.3 Coil Coating Application 

The coil coating section (F+G+H+I) is where coating is applied onto the substrate. 

Some paint systems are applied in a single coating process, while others involve a 

primer and a top coating processes. Almost all of coatings are dissolved in organic 
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solvents, a few are waterborne and a few are powder based. However, most industries 

chose a primer and a topcoat for the top side of the substrate. 

The general working principle involved in the coil coating section is shown in Fig. 2.2. 

The coating is firstly picked up by the pickup roll, and transferred to a coat roll. The 

coat roll then applies coating materials to the substrate while it is moving towards the 

coating line, as shown in Fig. 2.2. The coating applications can be either direct (same 

directions of applicator roll rotation and metal strip movement, Fig. 2.2) or reverse 

(opposite directions of applicator roll and metal strip movement, usually for thick 

coating application and smoother finish). 

Figure 2.2 Direct roll coater for coil coating 

The applied coating is then cured in the oven at a peak metal temperature of 

approximately 200-250°C for 15-30 seconds. Two ovens are usually included in the 

production line for the primer and topcoat curing respectively. Finally, the metal strips 

are quenched with air flow or water. 
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2.2.4 Coil Coating Products 

The finished coil coating product usually has a multi-layered system. For example, the 

coil coated hot dip galvanised steel (HDG) consisting 6 layers is involved in this 

current study, as shown in Fig. 2.3. Zinc layers on both sides act as the anode 

protection layers with the thicknesses of approximately 5µm to 20µm depending on the 

countries and customer requirements; the backing coat (-5µm) is applied to protect the 

back side of metal substrate; primer (-5µm) is applied to protect the zinc layer; a 

topcoat (20µm) is applied to provide the required appearance and protect the whole 

coating system. In addition, coatings on aluminium substrate are often single side but 

still consist both primer and topcoat layers. 

""" """" 11111. ] i1 tI 

Surface treatment 

Steel Substrate 
Surface treatment 

Figure 2.3 Cross-section view of coil coated HDG 

21 



Coil Coating Process, Chemistry and Durability 

2.2 Coil Coating Chemistry 

2.2.1 Introduction 

Coatings are mixtures of resins, solvents, pigments, fillers and additives, which, when 

applied to a surface and cured or dried, yield thin films that are both functional and 

decorative. 

A wide range of polymers are used in coil coating industry including polyesters (PE), 

polyurethanes (PU), epoxies, plasticised polyvinyl chloride (PVC) and polyvinylidene 

fluoride (PVdF). Polyesters still dominate the market due to their high 

performance/cost ratio, i. e., they have good flexibility and hardness as well as being 

cost effective. Epoxy coatings yield very good adhesion to the substrate due to their 

high contents of hydroxyl groups; PVdF is used in the preparation of high weathering 

performance coatings due to the high UV resistance of carbon-fluorine bond. Generally, 

the choice of resin depends highly on the applications, requirements, and prices, etc. 

As the current investigations are focused on the polyester coil coating system, the 

details of polyester coil coating chemistry are discussed as follows. 

2.2.2 Polyester Resins 

Polyesters are polymers with more than one ester linkage per molecule prepared by 

esterification reaction of di-functional organic acids and di- or tri-functional polyols. 

The esterification reaction is reversible and takes place most efficiently at temperatures 

over 200°C, as shown in Fig. 2.4. Titanium based chemicals can be used to produce 

strong acid or base environments to catalyse the reaction (Sanders, 1999). 

1 Catalyst 1 
00 
11 

R-C-OH + HO-R' 
- 

N. 
- 

R-C-OR' + H20 (1) 

O0 Catalyst 
00 

R-C-O-C-R + HO-R' -" R-C-OR' + HO-C-R (2) 

Figure 2.4 Esterification reaction: (1) acid with alcohol; (2) anhydride with alcohol 
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Polyesters are the most commonly used base resins in the coil coating industry with 

very high possibilities of variation in composition. The Tg, can be modified with a 

wide range of -70 to +110°C. Specialised resins are easily prepared to meet different 

requirements, such as low or high molecular mass, linear or branched chains, -OH or 

-COOH functionality, and so on. The coating properties depend largely on the 

polyester resin used; for instance, linear polyester with high molecular mass results in 

better flexibility and adhesion; the use of branched polyester results in higher 

cross-linking density; phthalic polyester is less durable than aliphatic polyester due to 

the UV sensitivity of aromatic ring (Schmithenner, 1997). The molecular structure of a 

polyester resin and hence its properties, are determined by the choices of polyols and 

organic acids. 

Polyols: 

The most commonly used polyols for the synthesis of polyesters are diols and triols, as 

shown in Fig. 2.5. The final polyesters are defined by functionality that is the number 

of crosslinks that the polyester can form (the number of -OH groups), as shown below: 

F= 2Ndiol + 3Nt1,0, 

- 2Nacid 

Where Nd; oi, Ntrioi and Nacid are the mumber of mole of diol, triol and acid respectively. 

The use of linear diol such as 1,6 HD results in low Tg and will be beneficial for 

adhesion and flexibility. Triols such as TMP, on the other hand, can introduce a degree 

of branching that ensures an adequate cross-link density. Both diols and triols are 

normally used together in coil coating production to achieve the required properties. 

HO 

1,6-Hexanediol (HD) 

HO 
ý 

OH CH2OH-f\ ý-CH2OH 

Cyclohexaned i methanol (CHDM) 

HO 
ý 

N 

J OH 
OH HO 

Neopentyl Glycol (NPG) Trimethylolpropane (TMP) 

Figure 2.5 Commonly used polyols 
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Organic acids: 

Some commonly used aromatic/aliphatic di-acids and anhydrides are shown in Fig. 2.6. 

The use of organic acids will also affect the properties of polyester. For example, the 

aromatic rings in phthalic acid can increase the rigidity and Tg of polyester, while the 

use of aliphatic acids result in better chain flexibility and lower Tg. Moreover, the 

durability of polyester is also a function of the type and amount of aromatic acids 

included. It is known that aromatic polymers have usually an inherent absorption of 

UV light and are therefore photodegradable when exposed to sunlight; the hydrogen 

atom on the aliphatic side chains that attached to the aromatic ring is more easily to be 

abstracted and results in free radicals (Ranby, 1989). The cycle aliphatic acids are 

usually used in high durability polyester resin system. In general, aliphatic and phthalic 

acids can be used together to synthesis polyester with required properties. 

COOH 
COON 

COOH v -COOH 
Terephthalic Acid (TA) Isophthalic Acid (IA) Orthophthatic Acid (OA) 

0 

ýa 
HOOC 

0 

Trimellitic Anhydride (TMA) Hexahydrophthalic Anhydride (HHPA) 

HOOC 
COOH HOOC COOH 

Adipic Acid (AA) Azelaic Acid (AZA) 
Figure 2.6 Common organic acids used in coil coating formulation 
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2.2.3 Cross-linking Resins for Polyester Coil Coatings 

The polyester based coatings are usually synthesised by co-condensation reaction of 

the polyester and cross-linking agent. The liquid resins become solid films through the 

co-condensation reaction and a 3-D network is built up in the coating. This process is 

also termed as the `curing' of polyester coil coating. There are two commonly used 

cross-linker resins in the polyester coil coating industry: melamines and blocked 

isocyanates. The melamine resins are the most prevalent cross-linkers used in 

polyester/melamine coil coatings. Their high reactivity with polyester and high 

cross-linking density results in good mechanical properties and chemical resistance. 

Blocked isocyanate resins react with polyester at temperatures of about 160°C and 

higher in the stoving process. They yield polyurethane coatings that can be 

distinguished by their great formability; however, the relatively low Tg will cause dirt 

pick-up and overstoving is easy which results in yellowing (Schmithenner, 1997). As 

the current investigation is focused on polyester/melamine coil coatings, the melamine 

resin is discussed in detail as follows. 

2.2.3.1 Synthesis of Hexamethoxymethyl Melamine (HMMM) 

The melamine cross-linking agents referred in this work is HMMM, commercially 

known as Cymel 303; it is usually synthesised through two reactions, as shown in Fig. 

2.7. The first reaction is termed as methylation that involves the reaction of melamine 

and formaldehyde under basic/acid conditions and production of melamine 

formaldehyde (MF). The MF then reacts with methanol through an acid catalysed 

etherification reaction and HMMM is produced with the elimination of water 

molecules (reaction 2 in Fig. 2.7). 
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+ 
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H+ 
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(2) 

'3- - "2ýNý ýNý.... 2..,.,.. 3 

II 
CH2OCH3 CH2OCH3 

Hexamethoxymethyl Melamine (HMMM) 
Figure 2.7 Synthesis of HMMM 

2.2.3.2 Cross-linking Reaction of HMMM and Polyester 

The cross-linking reaction of HMMM with polyester is shown in Fig. 2.8. The reaction 

is acid catalysed and involves a transetherification (co-condensation) reaction, during 

which the methoxy groups (-OCH3) of HMMM react with the hydroxyl groups of 

polyester and form ether cross-links with elimination of methanol molecules. Amine 

blocked catalysts which become active over 140°C help speed up the reaction. Strong 

unblocked acids can initiate the reaction at room temperature. The evaporation of 

methanol during the curing of coatings can cause pinhole effects, which may lead to 

small voids in the cured coating films. Due to this effect, the polyester/melamine 

coating thickness has a limitation of approximately 20-30µm (Sanders, 1999). Strong 

acid catalysts such as p-toluene sulfonic acid (p-STA) are usually used to catalyse the 

reaction. Melamines with a lower degree of methylation such as Cymel 325 can be also 

used to improve the rates of transetherification reactions if cure is insufficient in the 

time available. This dictated by the length and temperature of the oven and/or the line 

speed. However, it is found that Cymel 325 melamine resin is more sensitive to the 

weathering. Therefore, Cymel 303 is usually the main cross-linking agents in the 

polyester/melamine coil coating formulation, whereas a small amount of Cymel 325 is 

added to modify the curing rate. 
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The melamine resins can also self-condense (transetherification of two HMMM 

molecules), which leads to heterogeneous distribution of melamine molecules in the 

cured coatings. The melamine self-condensation may affect the coating properties such 

as flexibility and durability; it depends highly on factors such as acid catalysts and 

hydroxyl value of polyester, etc. In addition, the types of melamine resins can also 

affect the melamine self-condensation; for instance, Cymel 325 self-condense more 

readily than Cymel 303. It already consists of more dimer in its natural state. 

CH3OCH2ýNýCH2OCH3 

N" \N 
CH3OCH2"- 

N" 'NýNCH2OCH3 
11 

CH2OCH3 CH2OCH3 

+ Polyester-OH 

1 H+ 

CH3OCH2-NCH2OCH3 

N" \N 
Polyester-O-CH2"'- 

N"'k N5ýNCH2OCH 3+ 
CH3OH 

II 
CH2OCH3 CH2OCH3 

Figure 2.8 Trans-etherification Reaction of HMMM and Polyester 

It is of great importance to study self-condensation of melamine because it may affect 

the coating properties such as; localised Tg, cross-linking density, and durability, etc. A 

good understanding of melamine self-condensation mechanisms may lead to 

improvement of both chemical and mechanical properties of the polyester/melamine 

coatings, and possibility of designing special coatings. A detailed investigation on 

melamine self-condensation will be presented in chapter 8. 
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2.2.4 Solvents 

Generally, solvents are low molecular weight materials employed to dissolve the 

backbone resins such as polyester and melamine. Therefore, the main purpose of 

solvent is to enable a paint system to be applied in the first instance. In addition, it is 

used to control the flow (viscosity & surface free energy) of the wet paint on the 

substrate and to achieve a satisfactory, smooth, even thin film, which dries in a 

predetermined time. In the coil coating industry, in order to be classified as 

solvent-based, the resins are also required to bind the pigments together, bestow the 

physical properties on the finished product and dissolve in the solvents with which 

they are combined. The most commonly used solvents are hydrocarbons and 

oxygenated (ketonic, esters and alcohols) compounds, as shown in table 2.1 (Sanders, 

1999). 

Table 2.1 Commonly used solvents 

Hydrocarbon Ketonic Esters Alcohols 

Toluene Methyl ethyl ketone Ethyl acetate Ethanol Butanol 

Xylene Methyl isobutyl n-Isobutyl acetates Ethylene glycol 

ketone Monethyl ether 

Hexane Cyclohexanone Ethylene glycol 

Isophorone monoethyl ether acetate 

Another solvent commercially termed as `Solvesso 150', is a high boiling petroleum 

hydrocarbon fraction, and is also commonly employed in the coil coating formulation. 

It is not a true solvent but is a compatible diluent. Solvesso 150 is usually used 

together with other solvents to aid processing, avoid crystallisation and achieve the 

correct viscosity. 

28 



Coil Coating Process, Chemistry and Durability 

2.2.5 Pigments 

Pigments are insoluble particulate organic or inorganic materials that provide colour, 

opacity, and certain functions such as corrosion resistance, physical properties and 

weatherability to the paints. The most commonly used pigment is titanium dioxide 

(TiO2), a white pigment that scatters all visible wavelengths of light equally. There are 

many grades of TiO2 pigments; the selection depends upon the end use of the coating. 

Another commonly used pigment in primer coating is strontium chromate (SrCrO4). It 

is used to give anti-corrosive properties to primers. Their inhibitive action is based on 

the oxidising property of Cr (VI) which becomes reduced to Cr (III) in a reaction 

as 2CrO42- + 5H20 + 6e- - Cr2O3 + IOOH-. The chromium oxide layer formed can 

protect the metal substrate from corrosion (Bastos et al., 2006). In addition, the 

chromate pigment is also very likely to be absorbed by the HDG substrate and acts as a 

source of oxidising agent whenever the chromate is consumed through the above 

reaction. 

The colour of pigment primarily depends on the chemical structure. The selective 

absorption and reflection of various light wavelengths that impacts on the coating 

surface determines its hue. For example, a blue pigment appears so because it reflects 

the blue wavelengths of the incident beam and absorbs all of the other wavelengths of 

light. Some most commonly used colour pigments are copper phthalocyanine-based 

greens and blues, quinacridone red, iron oxide red, iron oxide yellow, dirarylide yellow, 

lead sulphochromate yellow, etc. A mixture of different pigments can be employed in 

the paint formulation to achieve the desired colour. 

Although pigments can protect the substrates and may improve the coating durability, 

they can also catalyse the coating degradation. For example, TiO2 white pigment 

protects coatings by reflecting most of the incident visible light; however it absorbs 

UV light strongly and becomes photo-active very easily. It was previously found that 

the polymer coating degradation was accelerated by TiO2 pigment due to the 

photolysis of TiO2 producing more free radicals in the coating (Gesenhues, 2001). 
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Therefore, the commercial Ti02 white pigments are usually coated with silica and 

A1203 coatings to stabilise the Ti02 particles. 

The chromate pigment protects the metal substrate by acting as an oxidising agent; 

however, it may oxidise the polymer coating. Moreover, the quantity of pigments 

employed in the paint formulation was also found to affect the surface morphological 

and chemical properties as well as the durability of polyester/melamine coil coatings 
(Zhang et al., 2008c). An investigation on the effect of pigments on the 

polyester/melamine coil coating is demonstrated in a following chapter (chapter 4). 

2.2.6 Other Additives 

Other special additives may be added in coatings to improve their performance or 

assist coating applications. For example, deformers can be used to break the foams and 

reduce bubbles during the mixing of paints; they are usually based on silicone oils. 
Dispersing agents are used to improve pigment dispersion; they are always low 

molecular weight materials that strongly adsorb onto surfaces of pigment particles and 

make pigments more organophilic. Flow agents (flow aid) are very useful in improving 

the coatings surface free energy during the paint applications; they are usually low 

surface free energy materials, such as acrylic polymers, polyesters and 

silicone-modified polymers. Small amounts of stabilisers such as hindered amine light 

stabiliser (HALS) can be added to improve coating durability; they act as free radical 

scavengers that consume radicals and protect coatings from radical induced 

degradation. 

In summary, paint formulation is a complex mixture of different types of organic and 

inorganic materials. The principle of formulation is to produce a coating which 

complies with a range parameters set by the coil coaters. Hence, the selection of 

components in a paint formulation depends on factors such as coating manufacture 

process (line speed, etc. ), customer requirements (colour, gloss, etc. ), types of coatings 

(topcoat, primer, etc. ), cost, and application areas (roofing, transportation, etc. ). 
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2.3 Weathering and Durability of Coil Coatings 

2.3.1 Introduction 

Durability is defined as the capacity of a paint to endure; that is, to remain unchanged 

by environment and events. The "events" concerned are those that impose mechanical 

and chemical stresses and strains on the paint system that may be of short duration (e. g. 

impact). Effects of environmental conditions have an enormous effect on a coatings 

performance (Lambourane, 1999). Durability is also termed as weatherability and it 

indicates particularly the ability of polymer coatings to withstand environmental 

conditions when exposed out-doors. Primarily, the components of the natural 

environment such as UV radiation, temperature, humidity, wind, and pollutants are 

very likely to cause the degradation and failure of polymer coatings. Other atmospheric 

degradants such as ozone, nitrogen oxide and sulphur oxide can accelerate the 

degradation of polymer coatings. Usually, the standard durability of coil coatings 

employed in our-door applications is required to be more than 10 years. The coil 

coatings to be used in different environments must be evaluated carefully before use to 

prevent the failures. Therefore, the weatherability study of the coil coatings is so 

important that it helps to find out the degradation mechanisms. Once known it may be 

possible to predict the long term service lifetime of coil coatings, provided that the 

different effects of the components of the weather are also known. In general, the 

polyester/melamine coil coatings are degraded through photo-oxidation/hydrolysis or a 

combination of the two. 

2.3.2 General Photo-oxidation Degradation Mechanisms 

Most polymers photo-degrade because their associated chemical bounds can be broken 

by the energetic wavelengths of the solar (sunlight) spectrum. It is known that the 

radiation energy is inversely proportional to the wavelength; therefore, the UV 

radiation with the lowest wavelength is the most energetic radiation in the sunlight. 

Majority of the solar radiation occurs in the near infrared radiation (2500-780nm) that 

is around 42% to 69% of the total solar radiation intensity depending on the locations. 
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Visible radiation (780-400nm) comprises another 39% to 53% of the solar energy. 

Terrestrial solar radiation only contains 1% to 5% of the UV radiation (<400nm); 

however, most of the polymer coating degradation is induced by this small portion of 

radiation. 

The strengths of chemical bonds in polymers are quantified by the energies given off 

during formation. This is termed the binding energy. Some binding energies of 

common polymer bonds are summarised in table 2.2 (Davis and Sims, 1983). When 

the polymers are exposed to the sunlight, they can be broken when the energy of the 

radiation is greater than the binding energy of the polymer chemical bonds provided 

absorption is possible. It is known that UV radiation in the sunlight at sea level is 

between 400 and 290 nm (near UV); most of the shorter wavelengths are absorbed by 

ozone and other extraneous components of the atmosphere. The near UV light 

(400-290 nm) have energies from 216-29lkJ/mol. Therefore, the chemical bounds 

listed in table 2.2 are all very UV sensitive except the alkyl C-C bound; this has been 

already proved by many practical experiments. It is also observed from table 2.2 that 

the C-N, C-O bonds are more sensitive to the UV radiation than the C-C and C-H 

bonds; carbon-carbon double bond is less durable than carbon-carbon single bond. The 

UV sensitivity of some common polymers is listed in table 2.3 (Davis and Sims, 1983). 

Therefore, most of the polymers are sensitive to the UV radiation when exposed to the 

sunlight; the visible and infrared radiations only produce minor effects on the 

photo-induced degradation of polymers. It is also important to note that polymers such 

as polyurethane are only sensitive to the UV radiation with wavenumbers smaller than 

280nm; they are transparent to the near UV radiation that is the major component in 

the whole UV spectrum at the sea level. However, the polyester absorbs UV light as 

their inherent C-O and C=O bonds are both UV sensitive. It is found from practical 

works that the polyurethane based coil coatings are generally more durable than the 

polyester/melamine coil coatings; this is partially attributed to the near UV 

transparency of the polyurethane. 
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Table 2.2 Strength of some common polymer bonds 

Bond Binding energy (kJ/mol) 

C-C (alkane) 500 

C-C (aromatic) 372 

C-H (alkane) 282 

C-O (ether) 237 

0-0 (peroxide) 192 

C-N (amide) 159 

Table 2.3 Spectral sensitivity of some common polymers 

Polymer Wavelength (nm) 

Polystyrene <340 

Polyester <315 

Polyethylene <300 

Polycarbonate <280 

Polyurethane <280 

It has long been known that the photo-degradation of the clear coatings is generally 

caused by free radicals attack. The mechanisms were firstly proposed by Bolland, 

which involve radical initiation, propagation, branching and termination, as described 

below (Bolland, 1949): 

Initiation: R- R' "4 R" +R'" 

The polymer molecule (R) absorbs UV light and produces free radicals (R"). 

Chain propagation: R'+02 -> ROO " 

ROO"+RH -ROOH+R" 

The free radicals produced in the initiation stage combine with oxygen and produce 

peroxide radicals (ROO"); the peroxide radicals abstract hydrogen and form 

hydroperoxide (ROOH) and free radicals (R"). 
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Chain branching: ROOH - RO " +HO " 

2ROOH - ROO " +RO " +H2O 

RO"+RH-ROH+R 

HO " +RH -"* R" +H20 

The hydroperoxide formed in the propagation stage causes a series of reactions that 

results in more degradation and free radical production. 

Termination: 2ROO" -+ ROOR + 02 

2R"-*R-R 

ROO " +R" -* ROOR 

New cross-linking is formed as a result of the termination reaction of radicals (ROO" 

or R"). 

More detailed fundamental photo-oxidation mechanisms including several degradation 

stages were also previously demonstrated (Ranby, 1989) as follow: 

A. Extraneous groups/impurities in the polymer absorb UV light and are excited 

initially to singlet states (short-lived) which are transformed to triplet states 

(long-lived and reactive). 

B. Excited triplet may cleave the polymer chains and form radicals or shorter chains. 

C. Triplet ground state oxygen is linked with polymer radicals to produce peroxide 

radicals which are transferred to hydroperoxide groups by hydrogen abstraction. 

D. UV radiation induces the decompositions of hydroperoxide groups and results in 

the formation of alkoxy and hydroxyl radicals which may react in various ways 

(e. g. hydrogen abstraction; chain scission/rearrangement, etc. ). This finally results 

in the accelerated photo-oxidation. 

E. Double bonds may be shifted to the adjacent bonds by adding excited singlet 

oxygen molecules. 

It can be concluded that the free radicals excited by the UV radiation are primarily 

responsible for the degradation of polymers although other mechanisms can contribute 
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to the general deconstruction. Moreover, photo-degradation describes the gamut of 

processes including the free radicals formation, chain cleavage or branching, and 

radical termination; whilst the photo-oxidation usually means the oxygen molecules 

addition process. Therefore the term photo-oxidation is narrower than 

photo-degradation but directly linked to the reactions and reactants when the polymers 

are exposed to the sunlight or UV radiation. 

2.3.3 General Hydrolytic Degradation Mechanisms 

The hydrolysis of polymers has long been studied (Bender et al., 1958a, b and c). The 

hydrolysis degradations are primarily related to the decomposition of the ester or ether 

linkages with the aqueous environment and are usually catalysed by acid or alkane. 

The effect of hydrolytic degradation is not as significant as the photo-degradation on 

the durability of polymers coatings; however it was previously found that the coatings 

exposed to UV with higher humidity degrade much faster than those exposed with dry 

environment (Bauer and Mielewski, 1993). Although the hydrolysis is a slow and less 

serious degradation comparing with the photo-oxidation, it can actually accelerate and 

enhance the photo-oxidation. 

In conclusion, when polymers are exposed to the atmosphere, they can be primarily 

degraded through photo-oxidation and hydrolysis reactions. Moreover, other 

environmental factors such as the acid rain and high temperature were also found to 

affect the durability of coil coatings in this investigation. The degradation study of 

polyester/melamine based coil coatings will be discussed in details in following 

chapters (chapters 4-7). 
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2.4 Weathering Methods 

Before a new coil coating is put on the market, its lifetime and durability has to be 

evaluated with fulfil its function satisfactorily outdoors before it requires replacement 

(Davis and Sims, 1983). Various weathering methods have been developed to predict 

the organic coating performance and service lift time. Florida out-door exposure has 

long been used as the standard weathering method, the weatherability determined by 

this method was found generally reliable. Equatorial Mount with Mirrors for 

Acceleration plus Water (EMMAQUA) was developed to accelerate the outdoor 

weathering test. The QUV test has also long been used to accelerate the coating 

degradation in the laboratory. The detailed introduction and applications of different 

weathering testing methods can also be found elsewhere (Massey, 1994; Wypych, 

2003). 

Natural weathering usually takes long time to acquire data, but the durability obtained 

is relatively accurate and reliable. Florida has long been chosen as the reference natural 

exposure site of coil coatings due to its relatively high annual UV intensity and 

temperature. Other local areas around the coating manufactures or the customers are 

also being explored; the durability obtained in these special areas have to be correlated 

to the Florida exposure results in order to ensure the data accuracy. For example, 

Becker Industrial Coating has exposure sites all around the world. The ones involved 

in this current investigation are Hainan and Guangzhou in China; Singapore; South 

Africa, etc. However, a panel of each sample is always exposed in Florida and the 

weathering data in Florida is taken as the reference. 

Generally, the artificial accelerated weathering method is based on simulating/intensify 

the UV and humidity in order to accelerate the photo-induced and hydrolysis 

degradation. For example, EMMA (Equatorial Mount with Mirrors for Acceleration) 

and EMMAQUA (EMMA + water spray) have samples mounted on the underside of a 

cross-member at top of the machine and several mirrors are positioned so as to reflect 

the sun light on the target panels above. Whilst EMMA is designed to simulate and 
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conditions, the EMMAQUA is claimed to correspond to wet climates (Davis and Sims, 

1983). The laboratory weathering simulation cabinets, such as the QUV testers, are 

also designed to acquire weatherability in a matter of weeks, instead of months or 

years. The lamps in the QUV are designed to produce only UV light; the adjustable 

temperature and humidity simulates the water condensation when panels are exposed 

in the natural environment. The QUV-A and QUV-B lamps with UV wavelengths of 

315-400nm and 280-315nm are commonly used in the QUV cabinet (Grossman). 

However, experience has shown that the use of accelerating weathering cabinets for 

studying climatic degradation of polymer coatings, such as the QUV-A and QUV-B 

weatherometer, could lead to diverging results. The prediction of life expectancy that 

based on the artificial accelerating weathering methods can be only `correlated' to the 

natural weatherability data and the `correlation' may be not reproducible (Lemaire, 

1995). This is primarily because it is difficult to accelerate the cumulative effects of 

heat, radiation and moisture uniformly as well as the atmospheric pollutants such as 

acid rain attack in the QUV cabinet. 

Generally, the testing methods for the coating durability include the physical and 

chemical measurement techniques. The former includes colour change (DE), gloss 

retention (GR%), cracking and grazing, contact angle, weight loss, film thickness, 

scanning electron microscopy and dynamic mechanical analyses; the latter includes 

electron spin resonance spectroscopy, infrared spectroscopy, iodometric titration, 

chemiluminescence, and X-ray photo-electron spectroscopy (Johnson and McIntyre, 

1996; Wypych, 2003). 

This current investigation generally involves the development and applications of 

advanced spectroscopic techniques onto the weathering studies of polyester/melamine 

based coil coatings. Various analytical methods were also used to perform detailed 

characterisations of coil coatings before and after weathering exposures. The effects of 

weathering conditions on the coil coating durability were also investigated in the 

following chapters (chapters 4-7). 
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3 Development and Application of Advanced Spectroscopic 

Techniques for Depth Profiling of Coil Coating 

3.1Depth Profiling of Coil Coating Using Step-scan Photoacoustic 

(SSPA) FTIR: Method Development 

3.1.1 Introduction 

As previously demonstrated, coil coating is a high speed and continuous process for 

the deposition of paint onto metal substrates, mainly galvanised steel or aluminium, 

before fabrication. Most coil coated products are used in harsh environments during 

their lifetime and may be subjected to moisture induced and photo-induced degradation. 

Over the past 30 years there has been continuous interest in studying the weathering of 

polymer coatings and improving their durability. This interest has also stimulated the 

development of new techniques to study weathering of polymers. 

The FTIR spectroscopy technique has long been developed (Cross and Jones, 1969; 

George and Mcintyre, 1987; Sherman Hsu, 1997). The use of FTIR spectroscopy to 

analyse the chemistry of an organic surface coating before and after exposure to a 

variety of environments has also long been studied (Urban, 1989; Wernstahl, 1996). 

The traditional transmission method can only be applied to transparent films and 

cannot distinguish between chemistry occurring at the surface and events (or lack of 

them) in the bulk. In addition, when considering polymer coatings applied onto thick 

or non-transparent substrates, such as coil coatings, it is impossible to achieve a 

non-destructive analysis. Reflection methods can only interrogate the top few microns, 

therefore ignoring the bulk. True depth profiling cannot be achieved with either of 

these methods although attenuated total reflectance (ATR) FTIR has been successfully 

applied to polymer coatings; the penetration depth has a limitation of about 5µm 

depending on the wave length of the IR, the refractive indexes of the sample and ATR 
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crystal (Bokria and Schlick, 2002). In addition, it is always difficult to achieve good 

contact between the ATR crystal and the weathered coatings with dirt on the surface. 

Photoacoustic (PA) FTIR has been previously demonstrated to be very suitable to 

analyse polymeric materials (Almeida et al., 2002; McClelland et al., 2002). The 

applications of PA-FTIR in the other research fields (e. g. biological and food 

engineering, etc. ) can be found else where (Mendelovici et al., 2001; Renzo et al., 

2001; Irudayaraj et al., 2002). The technique requires little or no sample preparation 

and is non-destructive. With the development of step-scan techniques, PA-FTIR has 

been successfully applied to many research areas especially concerning depth profiling 

of multi-layer polymer laminates and coatings (Palmer and Dittmar, 1993; Halttunen et 

al., 1999; Irudayaraj and Yang, 2002). In such studies, not only the magnitude but also 

the phase signal could be used to access the depth profile. The phase rotation method 

was previously found to be able to provide an instant depth profile through a single 

SSPA-FTIR scan with enhanced depth resolution (Dittma et al., 1991; Yang and 

Palmer, 1995; Zhang and Urban, 2004). Quantitative analysis using SSPA-FTIR is also 

possible (McClelland et al., 2003). Many examples of the application of SSPA-FTIR 

can be found in the literature. For instance, Gonon et al. used SSPA-FTIR to detect the 

photo-oxidation depth profile in styrene-isoprene copolymers and found more 

degradation occurred in the surface region (Gonon et al., 2001); Kiland et al. also used 

SSPA-FTIR to study the distribution of talc in polypropylene/talc compounded 

polymer and found the migration of talc to the surface region (Kiland et al., 2001). 

Clearly, the advent of SSPA-FTIR has opened up opportunities to study the molecular 

distribution and/or the degradation progress in heterogeneous or multi-layer polymeric 

systems. 

Although the development of SSPA-FTIR has led to many advances in the analysis of 

polymeric coatings, most of the reported studies are based on clear polymer films. The 

depth profiling of highly pigmented coatings are rarely found. We recently applied 

SSPA-FTIR to multi-layered clear and pigmented coil coatings with initial aims of 
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correlating the depths calculated from modulation frequency with the actual layer 

thicknesses, and investigating the effect of pigment on the depth profiling. Both the 

magnitude and phase angle of spectra were used as indications of depth profiles. The 

results show that SSPA-FTIR is very suitable for depth profiling of coil coatings; the 

experimental data correlates to the PA theory very well. 

3.1.2 General Theory Related to SSPA-FTIR Depth Profiling 

The Photoacoustic (PA) effect was first discovered by Alexander Graham Bell in 1880. 

He found a periodically interrupted beam of sunlight directed on to a solid in an 

enclosed cell caused an audible sound to be heard from a tube attached to the cell. The 

general PA theory was developed by Allan Rosencwaig and Allen Gersho (RG theory), 

they pointed out that the PA signal generation was affected by the physical properties 

of solids, which might be thermally thin/thick and optically transparent/opaque 

(Rosencwaig and Gresho, 1976). MacDonald and Westel emphasised that the thermal 

pressure was piston-like rather than continuous (McDonald and Westel, 1978). The 

general introduction to the photoacoustic spectroscopy can be found else where 

(Rosencwaig, 1980). 

Briefly, the PA signal is generated by converting the absorbed modulated radiation to 

heat, which leads to temperature fluctuations at the sample surface and results in 

pressure changes in the surrounding gas. This is effectively a sound wave that can be 

detected by a sensitive microphone. Essentially due to time constraints and damping of 

thermal waves by the materials only a signal within the thermal diffusion depth can 

contribute to the PA signal, this property allows the depth profiling of solid materials. 

The sampling depth is related to the modulation frequency of the radiation, as shown 

in equation (3.1): 

Pth 
Ka 

IcxpxCp xfm 7txfti, 
Equation (3.1) 
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Where,, u, h is the thermal diffusion depth; K, p and Cp are materials intrinsic properties, 

and are the thermal conductivity (W-m-1 -K-1), density (kg"m'3), and specific heat 

(J-kg-1 -K-1) respectively; fm is the modulation frequency of the radiation. For a solid 

material, the sampling depth is simply a function of fm. Usually, the thermal diffusivity 

(a) is introduced to cover the solid material properties. For polymeric materials, the 

thermal diffusivity is usually taken as a4.01 x 105 m2 s 1. So equation (3.1) can be also 

expressed as: 

_ 
180 

JUth _f 1/2 
M 

Equation (3.2) 

The PA signal contains both the magnitude and phase components. The signal 

magnitude is directly related to intensity of radiation absorption within the thermal 

diffusion depth, whilst the signal phase indicates diffusion time of the thermal waves. 

For instance, signals coming from deeper parts of the sample contain smaller 

magnitude but greater phase lag. Usually, two spectra are collected synchronously in 

the SSPA-FTIR experiment; they are in phase (I) and quadrature phase (Q) spectra. 

The (Q) signal is 90° delayed behind the in-phase (I) signal (0° delayed); therefore, it 

theoretically contains information from a deeper part of the sample. The signal 

magnitude and phase angle can be calculated using (I) and (Q) spectra. It was reported 

that the phase angles obtained by phase rotation calculation can be used to enhance the 

depth resolution and predict the layer thickness in a multi-layered polymeric system 

(Palmer and Dittmar, 1993; Yang and Palmer, 1995; McClelland et al., 2003). In 

addition, it was previously concluded that 96% of the total thermal wave is contributed 

within depths 0-7ru, h; (I) and (Q) signals arise from depths of 0 to 7cu, h/2 and 7tu, h/2 to 

n, u, h respectively (Zhang and Urban, 2004). The use of signal magnitude and phase 

angle results in two methods of depth profiling: the modulation frequency resolved 

approach and the phase angle resolved approach. The former directly uses the signal 

magnitude while the latter uses the phase angle as the indication of sampling depth. 

Apart from the consideration of the different SSPA-FTIR depth profiling approaches, 

the materials properties may also affect the results. According to RG theory 
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(Rosencwaig and Gresho, 1976), optically thin materials were defined as uß >1 (uß is 

optical absorption length, 1 is sample thickness) and optically thick samples were 

defined as , uß < 1. The Pth <1 and , u, h >1 cases are related to thermally thick and thin 

solids. The PA signal is proportional to p, h only when solids are thermally thick and ph 

> µß. This indicates equation (3.1) works only when the thermal and optical properties 

of sample match the above criteria. 

3.1.3 Experimental 

Materials and Methods: 

Two model coil coatings were prepared with the aims of investigating accuracy and 

effect of pigment on SSPA-FTIR depth profiling. The first coating was an optically 

transparent PET film hot laminated at 200°C on a standard polyester melamine coating 

(PMC) cured to a peak metal temperature (PMT) of 232°C. The hot lamination was 

carried out using a propriety laboratory laminator consisting of roller and a heated 

platen. The second coating was a Ti02 pigmented PolyVinylidene Fluoride (PVdF) coil 

coating on primer PMC. The primer was cured separately to the PVdF layer at a PMT 

of 224°C. The PVdF coating was prepared without any acrylic resin and cured at a 

PMT of 249°C. Apart from the PET laminate, all films were cast as liquid using a wire 

wound draw down bar of suitable diameter to achieve the required dry film thickness. 

They were cured in an electric oven with efficient air flows. The panels to be laminated 

were not quenched prior to lamination but all other panels were quenched with tap 

water after curing. Discs with diameter of 8mm were punched out for SSPA-FTIR 

analysis. For the consideration of commercial confidentiality, only a general 

description of the samples is provided here, as shown in table 3.1. 

Table 3.1 Sample Information 

Sample Name Composition Estimated Thickness 

PET 

PVdF 

PET laminate film on PMC 

TiO2 pigmented PVdF on primer PMC 

20µm 

20µm 
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The cross-section thicknesses of the PET and PVdF coatings were measured using an 

Olympus optical microscope system with a high resolution SPOTRT digital camera 

under a magnification of x500. 

Step-scan Photoacoustic FTIR Depth Profiling Analysis: 

All SSPA-FTIR spectra were recorded using a Nicolet 8700 FTIR spectrometer 

(Madison, USA) with a MTEC model 200 PA cell (Ames, USA). The PA cell was 

purged with dry helium at a rate of 20cm3/s for 5 minutes before spectra acquisition. 

The SSPA-FTIR experiments were performed by varying the modulation frequency of 

IR at constant amplitude of 3.5AHQNe (He-Ne laser wave length). Spectra were all 

collected in the mid-IR (400-4000cm ') region with a spectral resolution of 8cm 1. A 

glassy carbon reference material was used as the surface absorber to calibrate the 

system. The sampling depth calculated using equation (3.2) is listed together with the 

corresponding modulation frequency in table 3.2. The thermal diffusivity of the pure 

PET film and pigmented PVdF were taken as the general value for polymeric materials 

(a--0.01 x 10-5m2"s-1). 

(I) and (Q) spectra were collected simultaneously at different modulation frequencies. 

The (I) spectra were used to obtain a modulation frequency resolved depth profile as 

they contribute to approximately 96% of the total signal intensity, according to the 

general SSPA-FTIR theory described above. The phase angle resolved depth profile 

was obtained by phase rotation calculation of (I) and (Q) spectra collected at suitable 

modulation frequencies. All of the data processing was performed using Omnic V7.3 

software. 
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Table 3.2 IR sampling depth at different modulation frequencies 

This caic 

Modulation Frequency fm (Hz) IR Sampling Depth p (pm) 

50 25 

100 18 

200 13 

400 9 

600 7 

800 6 

1000 5.6 

3.1.4 Results and Discussion 

3.1.4.1 Polyester Melamine Coating (PMC) Layer Identification 

In order to distinguish the different coating layers, an IR identification band is required 

to represent the PMC layer. In addition, this identification band region must have no or 

little IR absorption in the top layer to prevent band interference. Fig. 3.1 shows a 

standard PA-FTIR spectrum of polyester-melamine coating; it is observed that 

1730cm"1 and 1550cm"1 bands are relatively strong and represent polyester and 

melamine respectively. The corresponding band assignments are summarised in table 

3.3. Knowing that no melamine was employed in the PET film and the pigmented 

PVdF coating contained no polyester components; 1550cm'1 and 1730cm"1 bands were 

selected as the second layer identifiers for the PET and PVdF samples respectively. 

Table 3.3 IR Band assignment 

Band Position (cm"') Assignment 

1730 Carbonyl C=O stretching 

1550 Melamine triazine ring stretching and side chain C-N 

asymmetric stretching (Jones and Orville, 1959) 
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16-Standard Polyester-Melamine Coating 
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Figure 3.1 Standard PA-FTIR spectrum of polyester-melamine coil coating 

3.1.4.2 Modulation Frequency Resolved Depth Profiling 

The (I) spectra of the PET laminated sample collected at different modulation 

frequencies are shown in Fig. 3.2; the spectrum of a pure PET film is also included. It 

can be clearly observed that a weak band at 1552cm-' is only present in the 100Hz and 

50Hz SSPA-FTIR spectra; the other spectra show only PET features. As summarised in 

table 3.3, this band represents melamine that is only included in the PMC layer. These 

observations indicate that the infrared sampling depth at 100Hz (18µm) is quite close 

to the estimated PET film thickness (20µm); however, the infrared absorption at PMC 

layer is much weaker compared to the total infrared absorption throughout the whole 

PET film thickness. Consequently, the strong melamine band as observed in Fig. 3.1 

appears as a very weak band in both 100Hz and 50Hz SSPA-FTIR spectra. Moreover, 

in these two spectra, the melamine band changes intensity as expected because the 

penetration distance at 50Hz into the PMC layer is approximately 711m (25pm-18µm) 

deeper than that of 100Hz. 
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Figure 3.2 SSPA-FTIR (I) spectra of the layered PET sample and a standard spectrum of pure 
PET film 

The (I) spectra of the layered PVdF sample are shown in Fig. 3.3. It is observed that 

the carbonyl band (1730cm-') only appears in the 200Hz, 100Hz, and 50Hz spectra; 

this band represents the second PMC layer in the layered PVdF sample. The strong 

carbonyl band observed in the standard PMC spectrum (Fig. 3.1) appears as a weak 

band in the SSPA-FTIR (I) spectra of the PVdF sample and the band intensity 

increases with sampling depths from 200Hz (13µm) to 50Hz (25µm). These 

observations are generally in good correlation with that of the PET sample. However, it 

is found that 200Hz infrared is already sufficient to penetrate through the PVdF layer 

(estimated as 20µm thick) and reach the second PMC layer. This may be due to the 

true PVdF layer thickness is much thinner than the estimated value or the 

incorporation of titanium dioxide pigment in the PVdF coating. It is known generally 

that the thermal diffusivity of inorganic materials is much higher than that of polymers. 

Referring back to the thermal diffusion depth calculation in equation (3.2), the thermal 

diffusion depth (, uh) is found to increase with the thermal diffusivity (a). Therefore, 

errors may be introduced in the thermal diffusion depth calculation of the high 

pigmented PVdF coating when taking the thermal diffusivity as the general value of 

5 0.01 X 10"m2 s '. For example, 200Hz infrared may yield a sampling depth much 
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deeper than 13µm in the PVdF layer with increasing thermal diffusivity caused by the 

incorporation of Ti02 pigment. 
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Figure 3.3 SSPA-FTIR (I) spectra of the layered PVdF sample 

The cross-section thickness analyses of PET and PVdF samples are shown in Fig. 3.4 

and 3.5 respectively; an error of ±2µm in the layer thickness measurement is expected. 

Different layers are clearly identified and indicated in the images (NB: the topcoat and 

primer layers of the PET sample are both based on polyester-melamine system). It is 

observed from Fig. 3.4 that the true PET film thickness is approximately 16-18µm; this 

value is in good agreement with the thickness predicted by SSPA-FTIR (18µm). It also 

demonstrates that an accurate SSPA-FTIR depth profile is obtained by the modulation 

frequency resolved method. The general value of thermal diffusivity used 

(0.01 x 10-5m2"s-1) must be quite close to the actual value of the PET film under 

investigation in this work. 
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Figure 3.4 Cross-section image of the layered PET sample 
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Figure 3.5 Cross-section image of the layered PVdF sample 
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It is observed from Fig. 3.5 that the true thickness of PVdF layer (-16-18µm) is 

actually much thicker than the thickness predicted using SSPA-FTIR (13µm). Thus, the 

suggestion made above regarding the difference between true and estimated layer 

Emorr 71 
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thicknesses being responsible for the changes seen in the spectra can be discounted. On 

this basis, the increased thermal diffusivity of the pigmented PVdF coating must be 

responsible for the observed spectral changes. To confirm this hypothesis, the general 

thermal diffusivity values of pure PET and PVdF were found in the literature as 

0.0102x 10-5m2"s 1 (Olenka et al., 2001) and 0.01115 x 10-5m2"s 1 (Lguchi et al., 2007) 

respectively. These values are quite close to the thermal diffusivity (0.01 x 10-5m2"s 1) 

used in this work. Therefore, the error observed in the depth profiling of the pigmented 

PVdF coating must be due to the high thermal diffusivity of TiO2 pigment. 

Fig. 3.6 illustrates the (I) and (Q) spectra of the PET sample collected at a modulation 

of 2001-1z. It is observed that the intensity of the (Q) spectrum is much weaker than that 

of the (I) spectrum, however, the melamine band (1550cm-') only appears in the (Q) 

spectrum. Some selected (Q) spectra of the PET and PVdF samples are shown in Fig. 

3.7a and 3.7b respectively. It is observed from Fig. 3.7a that the melamine band 

appears in the 600Hz and 400Hz (Q) spectra and becomes stronger in the 200Hz (Q) 

spectrum. The PVdF (Q) spectra also show similar features in that the carbonyl peak 

appears as a weak band in the 1000Hz and 800Hz spectra and becomes a medium band 

in the 600Hz and 400Hz spectra. 
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Figure 3.6 (I) and (Q) spectra of the PET sample collected at 200Hz 
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(a) (Q) spectra of the PET sample collected at 200,400, and 600Hz 

(b) (Q) spectra of the PVdF sample collected at 400,600,800 and 1000Hz 

Figure 3.7 (Q) spectra collected at different modulation frequencies 

The observations from the (Q) spectra are quite different from those observed from the 

(I) spectra. As expected, spectral information from the PMC layer of the PET and 

PVdF samples is not observed in the (I) spectra collected at 600Hz and 1000Hz spectra 

respectively. However, the (Q) spectra collected at the same modulation frequencies 

clearly show spectral information from the PMC layer. These observations suggest that 
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the (Q) spectra generally arise from a depth deeper than the calculated value listed in 

table 2, whilst the (I) signal is primarily constructed of signals that arise within the 

calculated depths. Due to this different signal origin, the magnitude of the (Q) spectra 

is largely reduced but the phase lag is consequently increased compared to those of the 

(I) spectra. 

3.1.4.3 Phase Angle Resolved Depth Profiling 

Fig. 3.8 illustrates the phase rotation analyses of the PET sample. It shows the spectra 

obtained at different phase angles; the scale is normalised to compare the relative 

signal intensities. Fig. 3.8b and c show the phase angle resolved spectra collected at 

400Hz and 200Hz with corresponding calculated sampling depths of 9 and 13µm 

(table 3.2) respectively. It is observed from Fig. 3.8a that the magnitude of the spectra 

decreases with increasing phase angle. Fig. 3.8b shows that the signals arising from the 

PMC layer are stronger in spectra obtained at greater phase angles. A similar feature is 

also observed in Fig. 3.8c; however, the intensity of the melamine band seen in the 

200Hz spectra is stronger due to the deeper sampling depth. 
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(a) Spectra obtained at different phase rotation angles with normalised scale 
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(c) Phase rotational spectra obtained at 200Hz modulation frequency 

Figure 3.8 Phase rotation analyses of the spectra of PET sample 

Similar results are obtained from the phase rotation analyses of the PVdF sample, as 

shown in Fig. 3.9. The only difference is that the carbonyl band arsing from the second 

PMC layer appears in the phase rotation spectra collected at both 600Hz (Fig. 3.9a) 

and 400Hz (Fig. 3.9b) modulation frequencies with even shallower sampling depths (7 

and 9µm respectively) when compared to the phase rotation analyses of the PET 

sample. This is again due to the higher thermal diffusivity of the pigment incorporated 

in the PVdF coating formulation. 
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(a) Phase rotational spectra obtained at 600Hz modulation frequency 

"40OHz- GCegrý? es 
400Hz-60 degrees 

70-400HZ-40 degrees 

. 400H2-20 degrees 
400Hz-0 degrees 

6a- 

(b) Phase rotational spectra obtained at 400Hz modulation frequency 

Figure 3.9 Phase rotation analyses of the spectra of PVdF sample 

These results are in good agreement with the PA theory and suggest that the signal 

arising from the deeper part of the sample has decreasing magnitude and increasing 

phase lag due to the thermal damping. Moreover, it indicates that the phase angle 

resolved method can enhance the depth resolution by magnifying deeper layer signals 

and minimising surface signal intensities. Signals arising from the second coating layer 

that have not been found in the (I) spectra collected at such shallow sample depths are 
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clearly observed in the phase angle resolved spectra. Possible layer thickness 

calculations using phase angle are also applicable but not shown in this work. Negative 

band intensity is observed in the spectra obtained at higher phase angles, thus spectral 

interpretation becomes difficult with this method. 

3.1.5 Conclusions 

SSPA-FTIR has been demonstrated to be very suitable to depth profile both clear and 

pigmented coil coatings. Precise depth profiling was achieved only with a clear PET 

coating. Depth profiling of the pigmented PVdF coating was found to be less accurate, 

which was found to be primarily due to the incorporation of inorganic pigments in the 

coating formulation resulting in extension of the thermal diffusion depth. 

Generally, the (I) spectra originate within the thermal diffusion depth, whilst the (Q) 

spectra come from even deeper parts of the sample; therefore, the (I) spectra display 

stronger magnitude but smaller phase angle compared to the (Q) spectra. It is also 

found from the phase rotation analyses that the magnitude is inversely proportional to 

the phase angle. These observations are primarily due to the thermal wave damping 

during the signal transferring from deeper parts of the sample to the surface. 

Both the modulation frequency resolved and phase angle resolved methods were 

successfully applied to the depth profiling of coil coatings. The former performs 

precise depth profiling and relatively easy layer thickness prediction. However, the 

time spent on acquiring spectra at all different depths is a lengthy exercise and the 

depth resolution is relatively low. The phase rotation technique only requires a single 

scan at a suitable modulation frequency and the depth resolution is largely enhanced 

but bands in the spectra can be pointing to the inverse intensity direction and the layer 

thickness prediction requires extra calculations. 
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3.2Depth Profiling of Coil Coating Using Confocal Raman 

Microscopy (CRM): Method Development 

3.2.1 Introduction 

As demonstrated above, the coil coating industry requires techniques to study the 

weathering of polymer coatings. Many spectroscopic techniques have been 

successfully applied to study a range of coating types. For example, the use of Fourier 

transform infrared spectroscopy (FTIR) with different sampling techniques (e. g. 

transmission, ATR, PA, etc. ) to interrogate coatings has long been common practice 

(Urban, 1989). X-ray photo-electron spectroscopy (XPS) and time-of-flight secondary 

ion mass spectroscopy (ToF-SIMS) are excellent for surface chemistry characterisation 

(Leadley et al., 1998). New techniques are being developed to predict the long-term 

weathering performance of polymeric coating systems; this includes depth profile 

analysis to understand the degradation progress throughout the coating thickness. The 

most common depth profiling method is the microtome method, which is destructive 

and time consuming. Therefore, non-destructive depth profiling methods are more 

favourable. Techniques such as attenuated total reflection (ATR) FTIR (Hirayama and 

Urban, 1992) and angle resolved XPS (ARXPS) (Perruchot et al., 2003) were 

previously utilised to achieve the depth profile of polymer coatings near the surface 

regions (microns to a few nanometres respectively). Step-scan photoacoustic (SSPA) 

FTIR has also been demonstrated to be very suitable for depth profiling studies; the 

sampling depth has been extended to a broader range (a few microns to tens of microns) 

(McClelland et al., 2002; Zhang et al., 2008a). More recently, confocal Raman 

microscopy (CRM) was developed to investigate the distributions of the components 

in polymer films or laminates. The Raman laser can penetrate depths from one micron 

to tens of microns with a depth resolution of around 1-2µm. 

The Raman spectroscopic technique has long been developed (Szymanski, 1967; 

Colthup et al., 1990). Many applications demonstrate that CRM is particularly suited 

to depth profile polymer films and coatings possessing heterogeneous molecular 
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distributions. For example, Fleming et al. used CRM to study the depth profile of dye 

in PET fibers (Fleming et al., 2005); Schrof et al. used CRM to investigate the depth 

profile of UV cured coatings and found an inhomogeneous distribution of pigments 

and photostabilisers (Schrof et al., 1999 and 2001); Dupuie et al. analysed 

photo-oxidation progress in a multi-layered clear coat systems using CRM (Dupuie et 

al., 1997); Mura et al. also used CRM to analyse the distribution of the fungicide 

fluorfolpet in a plasticised polyvinyl chloride (PVC) film (Mura et al., 2000); Schmidt 

et al. investigated the distribution of polycarbonate (PC)-rich and 

poly(styrene-co-acrylonitrile) (PSAN)-rich domains in PC/PSAN blends using CRM 

(Schmidt et al., 1997). The accuracy of CRM depth profiling was also previously 

investigated by Everall who demonstrated that the use of an immersion oil objective 

improved the depth resolution (Everall, 2000a and b). 

In this work, the effectiveness of CRM depth profiling in elucidating the chemical 

distribution in a multi-layered industrial coil coating was evaluated. The dry and 

immersion oil methods (non-destructive) were both investigated. In order to determine 

the accuracy of different methods, a cross-section of the coil coating was also prepared 

to reveal the true layer thicknesses. A CRM lateral scanning through the cross-section 

was also performed (destructive). The results show that the CRM technique is very 

suitable to depth profile coil coatings. It was also found that the CRM lateral scanning 

through the cross-section yielded an excellent resolution but required destruction of the 

sample. The use of an immersion oil objective could improve the depth resolution but 

the coating surfaces were easily contaminated by the immersion oil. The dry method 

required no sample preparation and was totally non-destructive; however the relatively 

low depth resolution may be a disadvantage. 
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3.2.2 Experimental 

Materials and Methods: 

The model coil coating samples were all prepared at Becker Industrial Coatings, Ltd 

(Liverpool, UK) with a standard laboratory simulation method. A clear topcoat based 

on an -aliphatic polyester and hexamethoxymethylmelamine (HMMM) cross-linking 

agent was applied as liquid onto a phthalate polyester-melamine primer coating (-5µm 

thick) with a wire wound draw down bar of suitable diameter to achieve a dry film 

thickness of approximately 25µm. The panel was cured in an electric oven for 30 

seconds to reach a peak metal temperature (PMT) of 232°C to ensure the clear coating 

was cured properly. The cured panels were then quenched with water and dried by an 

air gun. Samples with 8mm diameter were punched out from the panel for analysis. 

Due to reasons of commercial confidentiality only a general description of the 

components included in the coil coating formulations employed are provided in table 

3.4. A cross-section of the multi-layered coil coating was also prepared to measure the 

true layer thickness and allow a CRM lateral scan along the sample. 

Table 3.4 Sample information 

Layer Binder Resin Pigment 

Topcoat 

Primer 

Aliphatic Polyester + HMMM 

Phthalate Polyester + HMMM 

N/A 

Strontium Chromate + Titanium Dioxide 

Confocal Raman Microscopy (CRM) Instrumentation: 

All Raman spectra were recorded using a Nicolet Almega visible dispersive Raman 

(Madison, USA) with a 785nm laser excitation (300mW). The spectra collection was 

precisely controlled by a motorised stage. The stage movement was controlled 

automatically by the Raman instrument during the data collection. All data were 

processed using Omnic V7.3 software. 

CRM depth profiling was performed with both dry and immersion oil methods. The 

former used 50x (NA=0.75, Olympus) and 100x (NA=0.90, Olympus) objectives 

while a 100x immersion oil objective (NA=1.25, Olympus) together with immersion 
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oil with refractive index of 1.5 were used to carry out the oil method. The CRM lateral 

scanning of the sample cross-section was performed using a 50x objective (NA=0.75, 

Olympus). A laser step increment of 2µm was set for both CRM depth profiling and 

lateral scanning experiments. 

3.2.3 Result and Discussion 

3.2.3.1 Theoretical CRM Performance Using Different Objectives 

The CRM performance is primarily affected by the objectives used. Theoretically, the 

depth resolution (DR), lateral resolution (LR), and laser spot size (D) can be 

determined by the equations shown below: 

DR = 
2.2nAlacer 

; 7(NA)2 

LR = 
0.5 

NA 

D_ 
1'22ýlaýer 

NA 

where 

aperture, n 

Equation (3.3) 

Equation (3.4) 

Equation (3.5) 

is the wave length of the Raman laser; NA is the objective numerical 

is the refractive index of the sample. The values of DR, LR and D 

calculated using equations (3.3) (3.4) and (3.5) respectively are summarised in table 

3.5. The refractive index of the clear topcoat under investigation in this work is taken 

as 1.5, which is a general value commonly used for polymeric materials. 

Table 3.5 Theoretical objective performance 

Objective NA n (topcoat) DR (pm) LR (pm) D (pm) 

50x Dry 0.75 1.5 1.47 0.53 1.28 

100x Dry 0.90 1.5 1.02 0.44 0.96 

100x Oil 1.25 1.5 0.53 0.32 0.77 

According to table 3.5, the objective performance is found to be proportional to the NA 

value. Generally, the highest NA values of dry objective achieved in the air are 
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0.90-0.95 (100x objective); the CRM performance can be further improved using a 

100x immersion oil objective with higher NA value (1.25). As shown in table 3.5, the 

use of a 100x objective in air should yield a relatively high depth resolution (1.02µm) 

and achieve a high quality depth profiling. In addition, the theoretical lateral 

resolutions of the 50x (0.53µm), 100x (0.44µm) and 100x (0.32µm) immersion oil 

objective are all relatively high. The actual performance of these objectives in depth 

profiling multi-layered industrial coil coatings is discussed as follows. 

3.2.3.2 Coating Layer Identification 

In order to distinguish the two different coating layers, identification markers are 

required. Fig. 3.10 illustrates Raman spectra of the clear topcoat and primer coatings 

respectively. It is observed that the strontium chromate (863cm"' and 892cm-1) and 

titanium dioxide (445cm-1 + 608cm'I) bands are relatively strong and only appear in 

the primer Raman spectrum, whilst the strong cyclohexane band (805cm-') is only 

observed in the clear topcoat Raman spectrum. As no band interference from strontium 

chromate and titanium dioxide are found in the Raman spectrum of the clear topcoat, 

they are selected as the identification bands to represent the primer coating layer. 

Similarly, the cyclohexane band is chosen as the clear topcoat identification band. The 

corresponding band assignment and layer identifications are summarised in table 3.6. 

I 

-o; 

'vilohexane 

1000 

.i 

500 

I 

Raman shift (cm-1) 

Figure 3.10 Raman spectra of the clear topcoat and primer coating 
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Table 3.6 Assignment of the selected identification bands 

Band position (cm-) Assignment Identification 

445 + 608 Titanium Dioxide Primer Layer 

863 + 892 Strontium Chromate Primer Layer 

805 Cyclohexane Ring Clear Topcoat Layer 

3.2.3.3 CRM Depth Profiling 

The CRM depth profiling of the model coil coating using the 50x objective is 

displayed in Fig. 3.11. The Raman intensity map shown in Fig. 3. lla illustrates the 

relative intensities of different bands (x-axis) with the corresponding laser penetration 

depths (y-axis); the surface region of the clear topcoat has a depth of 0-5µm. Fig. 3.11 b 

is a 3-D view of the Raman intensity map (Fig. 3.11 a); it provides an instant view of 

the band intensities at the corresponding depths. The colours in Fig. 3.11 a and b 

indicate the relative Raman intensities; for instance, red and green represent strong and 

weak Raman scattering respectively, whilst blue indicates zero Raman intensity (no 

Raman scattering). Fig. 3.11c is a Raman spectrum collected at a depth of 0µm 

(surface region). 

41-Cl 1 ; IUJ 1 1'üi : 1,, i1 

Raman "t (cm- 1) 

(a) Raman intensity map 
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(c) Spectrum collected at the depth of Opm in the Raman intensity map 
Figure 3.11 CRM depth profiling of the standard coil coating using the 50x objective 

It is observed from Fig. 3.1 la and b that the Raman scattering of the titanium dioxide 

(Ti02) and strontium chromate (SrCrO4) are stronger than the other bands and appear 

all the way through the clear topcoat. It is more clearly seen in Fig. 3.11 b that the 

cyclohexane, Ti02 and SrCrO4 bands are all present in the spectrum of clear topcoat 

layer indicating that the clear topcoat and primer layers are blended together. As 

previously demonstrated, the cyclohexane and Ti02/SrCrO4 can be used to trace the 

clear topcoat and primer layer respectively. On this basis, the clear topcoat and primer 

layer thicknesses measured in Fig. 3.11a are approximately 27µm and 40µm 

respectively. The Raman spectrum collected near the surface of the clear topcoat (Fig. 

3. l1 c) clearly shows both primer and clear topcoat spectral features. As no pigment is 

incorporated in the topcoat, the observation of Ti02 and SrCrO4 in the clear topcoat 

layer is not expected and must be due to the inaccurate CRM laser penetration arising 

from the refraction at the topcoat/air interface. The laser is actually refracted onto the 

primer layer when the objective is still focused at the clear topcoat region. In addition, 

the Ti02 and SrCrO4 Raman signals are relatively strong so that they can be very easily 

collected even at the surface region of the clear topcoat. The primer thickness 
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measured above (40µm) is also affected by the inaccurate laser penetration arising 

from the refraction. 

As observed in both Fig. 3.11 a and b, the Raman intensity of the cyclohexane band 

decreases at the surface and primer interface regions of the clear topcoat; it is primarily 

due to partial laser exposure at the surface-interface of the sample rather than the 

actual molecular distribution. Thus, apart from the surface regions the cyclohexane 

distribution is generally homogenous throughout the clear topcoat as expected. The 

clear topcoat layer thickness is also very close to the estimated value (25µm). 

Therefore, it is found that the depth profiling of the clear topcoat is less affected by the 

refraction effect. However, the Raman scattering of the inorganic pigments are so 

strong that even very weak intensity of laser refraction at the primer layer can produce 

a signal strong enough to be seen in the Raman spectra collected at the clear topcoat 

surface region. The blended region of the clear topcoat and primer layers is so broad 

that they cannot be isolated when using a 50x objective to carry out the CRM depth 

profiling. Although the theoretical performance of a 50x objective is relatively high 

(table 3.5), the depth resolution is largely degraded because of the refraction arising 

from the mismatch of the refractive indices of the clear topcoat (-1.5) and the air (1). 

Fig. 3.12 illustrates the CRM depth profiling using a 100x objective; the figure layout 

is the same as Fig. 3.11. The spectral features of Fig. 3.12 are generally similar to those 

observed in Fig. 3.11 but the blended region is reduced. The clear topcoat and primer 

layer thicknesses are approximately 25µm and 35µm respectively as observed in Fig. 

3.12a. It is observed in both Fig. 3.12a and b that the TiO2 and SrCrO4 bands can be 

still observed near the surface region but their intensities are reduced when compared 

to the observations in Fig. 3. lla and b. It is more clearly seen in Fig. 3.12b that the 

clear topcoat and primer layers are not entirely blended together. The Raman spectrum 

collected at a depth of 5µm from the clear topcoat surface (Fig. 3.12c) also confirms 

the intensity of signal arising from the primer is reduced at the surface region of the 

clear topcoat. Similar to the observations from CRM depth profiling using the 50x 
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objective, the cyclohexane is homogenously distributed throughout the clear topcoat 

(Fig. 3.12a and b). The clear topcoat thickness measured in Fig. 3.12a (25µm) is fairly 

close to the estimated value. This indicates a more accurate depth profile can be 

obtained when tracing the intensity of the cyclohexane band rather than the Ti02 

and/or SrCrO4 bands. Therefore, it is found the high Raman activity of the pigment is 

partially responsible for the degraded CRM depth profiling performance. The choice of 

the characteristic band also has an impact on the CRM depth profiling accuracy. In 

addition, the primer thickness (351im) is smaller compared to that measured in Fig. 

3. lla (40µm). This is because Raman laser power is highly reduced when using the 

100x objective with a smaller laser spot size; it results in weaker laser refraction at the 

primer layer when the objective is focused at the clear topcoat region. 

The above observations suggest that the CRM depth profiling performance using a 

100x objective is improved compared to that using a 50x objective; this is primarily 

due to the objective intrinsic properties (i. e., smaller laser spot size) rather than the 

improvement of the extrinsic effect (i. e., refraction). 

(a) Raman intensity map 
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(c) Spectrum collected at the depth of Opm in the Raman intensity map 

Figure 3.12 CRM depth profiling of the standard coil coating using the 100x objective 

The depth profiling of the model coil coating using the 100x immersion oil objective is 

illustrated in Fig. 3.13; as before, a Raman intensity map (Fig. 3.13a), a 3-D view of 

the Raman intensity map (Fig. 3.13b) and a Raman spectrum collected at the clear 

topcoat region (Fig. 3.13c) are included. It is observed in Fig. 3.13a and b that the 

topcoat/primer blended region is much smaller; the separate clear topcoat and primer 

layers can be easily identified. The clear topcoat and primer layer thicknesses 

measured in Fig. 3.13a are approximately 25µm and 30µm respectively. Therefore, the 

clear topcoat thickness is in good correlation with that measured by the 50x and 100x 

objectives, whist the primer layer thickness is further reduced compared to that 

observed in Fig. 3.12a. It is more clearly observed in Fig. 3.13b that the cyclohexane is 

homogenously distributed throughout the thickness and the two coating layers are 

separated. Fig. 3.13c shows very weak primer signals being collected at the surface 

region of the clear topcoat. 
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(a) Raman intensity map 
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(c) Spectrum collected at the depth of 5pm in the Raman intensity map 
Figure 3.13 CRM depth profiling of the standard coil coating using the 100x oil objective 

The above observations indicate the CRM depth profiling performance is significantly 

improved using the 100x immersion oil objective compared to those using the 50x or 

100xdry objectives. The improved depth resolution obtained arises from both the 

intrinsic and extrinsic factors, that is the smaller laser spot size and the better refractive 
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indices match of the clear topcoat (-1.5) and the immersion oil (-1.5). However, the 

blended regions are still present due to the minor mismatch of the refractive indices of 

the clear topcoat and immersion oil. The refractive index value (-1.5) of the clear 

topcoat used in this work is a general value used for most of polymeric materials; a 

precise match of the refractive indices of the clear topcoat and immersion oil is 

expected to further improve the depth profiling data accuracy. These findings are also 

in good correlation with previous work reported by Everall (Everall, 2000b). 

As the immersion oil applied onto the coating surface is also Raman active, an 

immersion oil layer on the clear topcoat surface is also found from Fig. 3.13a. It is also 

observed that the immersion oil has a band at around 790cm-' which is quite close to 

the cyclohexane band at 810 cm'; however, it is easy to distinguish between the 

immersion oil and clear topcoat layers. As seen in Fig. 3.13a and b, another band at 

710cm'' that only appears in the immersion oil layer can be used to trace the 

immersion oil layer and distinguish with the clear topcoat layer. Therefore, the 

immersion oil used in this work does not affect the CRM depth profiling accuracy. 

3.2.3.4 CRM Lateral Scanning 

The cross-section view of the model coil coating is shown in Fig. 3.14. It is clearly 

observed that the model coil coating cross-section has a multi-layered structure, 

including the curing resin, clear topcoat, primer, zinc and steel layers (from right to left 

in Fig. 3.14). The x and y axis represents the horizontal and vertical laser positions 

respectively. The red dotted line shows the Raman laser scanning path with 2µm per 

step. It is also found that the topcoat and primer layers are not homogenous with 

thicknesses of approximately 25-28µm and 3-8µm respectively. 
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Figure 3.14 Cross-section view of the model coil coating 

The CRM lateral scanning of the model coil coating cross-section is illustrated in Fig. 

3.15. It is observed in Fig. 3.15a that no TiO2 and SrCrO4 are found in the clear topcoat 

layer and the topcoat and primer layers are clearly separated. A small overlap is 

observed in both Fig. 3.15a and b that may arise from the migration of the clear coat 

into the primer containing TiO2 and SrCrO4. This will aid intercoat adhesion. The true 

clear topcoat thickness measured in Fig. 3.15a and b is approximately 25µm, the same 

as the previous measured values. Fig. 3.15b also clearly illustrates a homogenous 

distribution of the major organic components in the clear topcoat. The primer layer 

measured in Fig. 3.15a (101tm) is thicker than that determined by the cross-section 

optical image (Fig. 3.14). This may be again due to pigment migration or inaccuracies 

arising from the strong pigment Raman activity. A Raman spectrum collected at the 

clear topcoat surface region shows no primer spectral features (Fig. 3.15c). 
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(c) Spectrum collected at the distance of 44pm in the Raman intensity map 
Figure 3.15 CRM lateral scanning of the coil coating cross-section using the 50x objective 

These observations suggest the CRM lateral scanning using a 50x gives the best 

resolution performance compared to the previous CRM depth profiling methods 

with/without immersion oil. This is mainly attributed to the high lateral resolution 

(0.53µm) of the 50- objective when used in the air. It is found that the CRM lateral 
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scanning performance is only a function of the objective intrinsic properties; no 

extrinsic factors such as the refraction effect will affect the CRM resolution. 

In summary, the different methods that are included in this work all have advantages 

and disadvantages. The CRM lateral scanning yields the most accurate data; however, 

the method is destructive and requires cross-section preparation. The CRM depth 

profiling using the 100x immersion oil objective results in a lower depth resolution but 

requires minor sample preparation (applying and cleaning the immersion oil). The use 

of the dry 100x objective yields an even lower depth resolution, but the main 

advantage of the method is that no sample preparation is required. The use of 50x 

results in the lowest depth resolution; therefore, the different coating layers cannot be 

isolated. The comparison of different methods is also summarised in table 3.7. 

Table 3.7 Comparison of different methods 

Method Advantages Disadvantages 

100x No sample preparation, non-destructive Low depth resolution 

100x oil Good depth resolution, non-destructive Immersion oil cleaning 

50x CS* Excellent depth resolution CS sample preparation 
*Cross-section (CS) 

3.2.4 Conclusions 

The accuracy of CRM in assessing the chemical makeup of a model multi-layer coil 

coating (a clear topcoat on a pigmented primer) has been successfully investigated 

using different methods including CRM depth profiling (dry/oil, non-destructive) and 

lateral scanning (destructive). The results demonstrate that CRM is suitable for the 

chemical depth profiling studies of multi-layer coil coatings. However, the accuracy of 

data is largely dependant on the objective selected and the experimental method. Both 

intrinsic properties of the objective lens and the extrinsic refraction effect will affect 

the CRM depth profiling performance. Moreover, due to the high Raman activity of 

the pigment that is incorporated in the primer layer, the pigment Raman signal can be 

easily collected even at the clear topcoat layer. This effect may be partially responsible 
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for the relatively low depth resolution obtained. Therefore, the CRM depth profiling 

(non-destructive) performance is also dependent on the characteristic bands selected 

and the chemical makeup of the films. 

According to this current investigation, the selection of experimental methods when 

using CRM to carry out coil coating depth profiling studies depends highly on the data 

requirements and samples. Generally, the lateral scanning of a cross-section is 

recommended when an accurate depth profile is required; however, when the sample is 

used for multiple analyses or non-destructive analyses, the immersion oil method is 

more favourable. For special analyses, such as when surface chemistry characterisation 

using X-ray photoelectron spectroscopy is also desired, only the CRM depth profiling 

using the 100x objective is applicable as the immersion oil applied on the coating 

surface changes the surface chemical composition. 

70 



Development and Application of Advanced Spectroscopic Techniques 

3.3A Non-destructive Depth Resolved Study on the Degradation of 

Clear Coat Using SSPA-FTIR and CRM: Application 

3.3.1 Introduction 

There is a growing interest in depth profiling studies of polymer coatings before and 

after exposure to harsh environments. The molecular distribution or degradation 

profiles in the coating obtained using varies depth profiling techniques as previously 

reviewed in this chapter helps to achieve a better understanding of the mechanisms of 

the migration and/or decompositions of the components in coatings. The development 

of the advanced SSPA-FTIR and CRM depth profiling techniques were demonstrated 

in section 3.1 and 3.2 previously in this chapter. The results suggest both SSPA-FTIR 

and CRM are very suitable to carry out non-destructive depth profiling analysis of coil 

coatings. 

Although extensive work has been reported in the literature using SSPA-FTIR and 

CRM, quantitative depth profiling of coating degradation is rarely reported. Most of 

the applications using SSPA-FTIR and CRM are generally based on qualitative 

chemical analysis of the distribution of components in layered polymer films. However, 

the work reported by Gonon et al. (Gonon et al., 2001) and Dupuie et al. (Dupuie et al., 

1997) shows the potential of SSPA-FTIR and CRM for the depth profiling analysis of 

degradation in polymer coatings. Moreover, many quantitative methods that are based 

on traditional FTIR (e. g. ATR-FTIR, transmission FTIR) and Raman spectroscopy 

analysis of polymer coating degradation have been previously reported. For example, 

Bauer et al. found the carbonyl band area in the transmission FTIR spectra was linearly 

correlated to the coating degradation level; moreover, the area ratio of the carbonyl 

band in the IR spectra before and after UV exposure can be used to monitor the coating 

photo-oxidation rate (Bauer et al., 1990a and b). Decker and Zahouily also introduced 

a method using the ratio of band areas in the IR spectra before and after QUV-A 

exposure to quantify the formation/decomposition of various functional groups (e. g. 
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-COOH, -C=O, -C-NH) in the coating; they also found a strong correlation between 

the band area ratio and photodegradation rate (Decker and Zahouily, 1999). Moreover, 

work reported by Nichols et al. and Adamsons suggest that the amount of degradation 

in coatings can be also quantified using a method which ratios the IR absorbance in the 

3800-2000 cm I region (-OH and -NH regions) to that in the 3100-2800cm'I region 

(CH band) (Nichols et al., 1997; Nichols and Gerlock, 2000; Adamsons, 2000). Work 

of Nguyen et al. showed that the band absorption intensity in IR spectra could also be 

used as an indication of the quantity of functional groups in polymer coatings (Nguyen 

et al., 2002). Raman spectroscopy was also previously demonstrated to be suitable for 

quantitative analysis; both the band area (Mura et al., 2000) and the band intensity 

ratio (Schmidt et al., 1997) could be used to monitor the distribution of functional 

groups in polymer coatings. Therefore, previous works as reviewed above have built 

up a strong basis for the development of quantification methods for the advanced 

SSPA-FTIR and CRM spectroscopy techniques. 

The focus of this section is on the capability of SSPA-FTIR and CRM on qualitative 

and quantitative depth profiling clear coil coating before and after QUV-A exposure. It 

was primarily found that the coating degradation is more significant near the surface 

region. The results obtained using the two different techniques were found to be 

consistent. Moreover, the quantification methods for the SSPA-FTIR and CRM were 

also developed. They were found to be very suitable to monitor the coating 

degradation depth profile throughout the film thickness. 

3.3.2 Experimental 

The materials preparation procedure follows the laboratory simulation method as 

demonstrated in section 3.2 of this chapter. The detailed sample information is shown 

in table 3.8 (note the clear coat mentioned in this chapter is referred to as CW9228 in 

subsequent chapters). The SSPA-FTIR and CRM spectra acquisitions are all based on 

the instrumentation parameters mentioned in section 3.1 and 3.2 respectively in this 

chapter. A 100x dry objective was used to perform non-destructive CRM depth 

profiling analysis; the step size was set as 1-2µm to enhance the depth resolution. 
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Table 3.8 Sample Information 

Layer Resin System Pigment Thickness 

Topcoat 

Basecoat 

Aliphatic Polyester + HMMM 

Aliphatic Polyester + HMMM 

N/A 

Titanium Dioxide 

20µm 

20µm 

The coating was exposed in the QUV-A chamber (The Q-Panel Company, USA) 

equipped with QUV-A-340nm fluorescent tubes each with peak irradiance at 340nm. 

The sample panel was irradiated for 8 hours each 12 hour cycle at 60°C. During the 

dark period (4 hours) the panels were subjected to a moist environment at a 

temperature of 50°C so that water condensation appeared on the panels. A disc with 

8mm in diameter was punched out from the sample panel after a total exposure time of 

500,1000,2000,2500 and 3000 hours respectively. The sample discs were used for 

the SSPA-FTIR and CRM analysis. 

3.3.3 Results and Discussion 

3.3.3.1 SSPA-FTIR Depth Profiling 

The SSPA-FTIR 800Hz spectra (sampling depth: -8µm) of the clear coat before and 

after different QUV-A exposure time are shown in Fig. 3.16. It is observed that the 

clear coat generally undergoes hydrolytic and photo-oxidative degradation during the 

QUV-A exposure. The increase in hydroxyl groups (3600-3000cm"1) suggests the 

hydrolysis of polyester and/or melamine-polyester linkages. The broadening of the 

carbonyl band (-1730cm"1), increase of amine/amide band (-1630cm 1) and decrease 

of melamine (-1550cm') and methoxyl (-1110cm"1) band intensities indicate 

photo-induced degradation of the polyester and especially the melamine side groups 

and melamine-polyester linkages. It is also observed from Fig. 3.16 that the 

hydrocarbon bands at spectral region 2800cm '- 3000cm-1,1450cm"1 and 1390cm'1 

are relatively stable after QUV-A exposure. Therefore, they can be considered as 

internal reference bands when comparing the intensity of the other bands such as 

hydroxyl and melamine bands. 
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The SSPA-FTIR spectra collected at different sampling depths after 3000 hours 

QUV-A exposure are shown in Fig. 3.17. The hydrocarbon band intensity at 1450cm-' 

and 1390cm-' in each spectrum is approximately the same. It is observed that the 

melamine band at 1550cm-' shows increasing intensity with the sampling depth. This 

observation suggests the melamine decomposition is more significant near the coating 

surface region; the deeper part of the coating is less affected. 
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Figure 3.16 SSPA-FTIR spectra of the clear coat before (STD) and after QUV-A exposure 
(detailed IR band assignment can be found in Appendix II) 

It is also observed that the bands in the region 1300cm-' - 1175cm"' also show rapid 

decreasing intensity with sampling depth. This is not related to the functional group 

distribution in the coating but due to the signal saturation problem arising from the 

SSPA-FTIR analysis of polyester materials (the relatively strong carbonyl band at 

1730cm-' and C-0 bands at 1300cm' - 1175cm-' signals are more easily to get 

saturated with the increased sampling depth). However, this effect will not affect the 

analysis in this work as the hydroxyl and melamine bands together with reference 

bands selected (hydrocarbon at 2800cm'' - 3000cm'1,1450cm-' and 1390cm-') all 

show lower intensity in the SSPA-FTIR spectra (Fig. 3.16). Moreover, the analysis 

accuracy here is further enhanced as the hydroxyl/melamine and their reference bands 

show relatively similar intensity; so that their band saturation features are quite similar. 
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Figure 3.17 SSPA-FTIR spectra collected at different fm (i. e., sampling depth) 

Although differences in the band intensity can be observed from the depth resolved 

spectra as shown in Fig. 3.17, quantitative analysis is believed to lead to a more 

accurate and instant view of the coating degradation in relation to sampling depth. 

Therefore a quantitative SSPA-FTIR method for following coating degradation based 

on the previously reported IR quantitative methods was developed in this work. As 

demonstrated before, the hydroxyl and melamine band intensities can be used to track 

hydrolysis and photo-induced degradation in coatings, the quantity of hydroxyl groups 

in SSPA-FTIR spectra is determined using the band area normalisation method 

described in equation 3.1. The A(; H was measured by fitting the baseline under the 

hydrocarbon band region; whilst the AoH was measured by fitting the baseline under 

the hydroxyl group region and the area between the hydrocarbon group baseline and 

hydroxyl group baseline, as shown in Fig. 3.18. Therefore, the hydroxyl group band 

area is normalised by the reference hydrocarbon band area; the IR absorption intensity 

difference in the spectra is minimised. Moreover, in order to avoid the signal saturation 

effect in SSPA-FTIR spectra collected at different sampling depths and enhance the 

SSPA-FTIR quantification accuracy, the RatiooH was calculated for both the standard 

(RatiooH srD) and degraded (RatiooH-, ( ) coating. The formation of hydroxyl groups 
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(OH%) due to the weathering was then calculated using equation 3.2 shown below. 

The OH% values at different sampling depth were calculated individually using the 

band area in the SSPA-FTIR spectra of exposed and standard coatings that were 

collected at the same sampling depth to minimise the increasing values originating 

from signal saturation. Moreover, the original amount of hydroxyl groups in the 

coatings before QUV-A exposure can be also excluded after the calculation shown in 

equation 3.2; the value of OH% can be considered as the formation of hydroxyl groups 

originating from the coating degradation. The original hydroxyl group value in the 

coatings before the weathering exposure may also vary since minor variation in the 

formulation (e. g. amount and types of pigment, light stabiliser, catalyst) and curing 

condition (e. g. temperature, time) may result in slightly different hydroxyl band 

intensities to be observed in the SSPA-FTIR spectra. The quantification method 

(equation 3.2) is also believed to minimise this interference. 

RatioOH = AOH 1 4. H Equation (3.1) 

Where, RatiooH - Normalised hydroxyl group band area; AOH - Hydroxyl group band 

area (approximately 3700cm-' - 2200cm ' ); ACH - Hydrocarbon band area 

(approximately 3100cm-' - 2750cm-'). 

Ratiooy-QUVA - 
Ratioý, 

H_,,.,, OH% =x 100 Equation (3.2) 
RatioOH-STD 

Where, OH% - formation of hydroxyl group due to the QUV-A exposure; RatiooH-QuvA 

- normalised hydroxyl group band area in the exposed coating; RatiooH-srv- 

normalised hydroxyl band area in the unexposed coating. 
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Figure 3.18 Hydroxyl and hydrocarbon band area measurement in SSPA-FTIR spectra 

The increase in hydroxyl groups in the clear coat, as calculated using the method 

demonstrated above is shown in Fig. 3.19a; the OH% values were recorded for 

coatings exposed at different QUV-A exposure hours and depths. It is then clearly 

observed that the hydroxyl groups increase with QUV-A exposure time. The hydroxyl 

group formation rate within the first 1000 hours QUV-A exposure (-400%) is faster 

than that after 2000 hours (-700% - 800%). This may be due to the fact that more UV 

and moisture sensitive groups in the coating were affected in the initial QUV-A 

exposure stage; however, they were exhausted during the long period exposure (e. g. 

2000 hours QUV-A exposure) which results in a decreasing rate in the production of 

hydroxyl groups in the clear coat. It is also observed that the OH% value for the clear 

coat after 500 hours QUV-A exposure is approximately a constant throughout the 

coating thickness (-100%). However, significantly higher OH% is observed from the 

coating surface region (12µm) after 1000 hours QUV-A exposure (e. g. the difference 

between the OH% values at depths of 12µm and 18µm in the clear coat after 1000 

hours QUV-A exposure is approximately 200%; this difference becomes 400% for the 

clear coat after 3000 hours QUV-A exposure). This observation suggests that the 

coating surface is more likely to be affected after the exposure time exceeds 500 
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QUV-A hours. A possible explanation is that the moisture enhanced degradation is 

more likely to occur near the coating surface region during the QUV-A exposure. As 

the moisture permeation in the coating is usually a slow process, for the initial 500 

hours QUV-A exposure the degradation rate may be controlled by the photo-induced 

degradation caused by the UV irradiation. As the clear coat is transparent, radiation 

may penetrate throughout the film thickness leading to photo-oxidation throughout the 

thickness. However, after longer QUV-A exposure time, more moisture is absorbed 

within a depth of approximately 10µm causing moisture enhanced photo-oxidation and 

hence more rapid coating degradation near the surface region. 
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Figure 3.19 SSPA-FTIR quantitative depth profile of the dear coat 

The quantification of melamine decomposition in the clear coat after QUV-A exposure 

is shown in Fig. 3.19b. Generally, the melamine SSPA-FTIR quantification is based on 

the same method as introduced for the OH% value calculation (equations 3.1 and 3.2); 

however, as the baseline at -1650cm"' in the SSPA-FTIR changes due to the formation 

of amine/amide groups after melamine and/or melamine side chain decomposition, the 

band area measured using the previous method will be affected by this baseline effect. 

Thus, the heights (without baseline fitting) of the bands in SSPA-FTIR spectra are 

measured to represent the quantity of the melamine in clear coat; the melamine 

quantification method is shown below: 

KatloMelamine = HAlelamine 'HCA Equation (3.3) 

Where, RatioMer,,,, me - Normalised band height for melamine group; HAiW me 

melamine group band height at -1550cm-' (without baseline fitting); HH, H 

Hydrocarbon band height at -1450cm"' (without baseline fitting). 

MEL% = 
Ratio, feld min e-STD - Rat 1oMela min e-QUVA 

Rat 1 UMela 
min e-STD 

Equation (3.4) 

Where, MEL% - decomposition of melamine group due to the QUV-A exposure; 
RCl'CIOMelmnineQUl! 

9 - 

--- 50OHrs --a-1000Hrs -+- 2000Hrs -+- 2500Hrs -. - 3000Hrs 

normalised melamine band height in exposed coating; 
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RatioMejam,,, e-sTD- normalised melamine band height in unexposed coating. 

The melamine quantification method is based on calculating the percentage loss of 

melamine in the coating system (MEL%), as shown in equations 3.3 and 3.4. The 

spectral internal reference selected in equation 3.3 is the hydrocarbon band (1450cm-') 

adjacent to the melamine band (1550cm') in the SSPA-FTIR spectra. It is observed 

from Fig. 3.17 that this reference band is relatively stable after QUV-A exposure; and 

its band intensity is quite similar to that of the melamine band, hence, any interference 

from signal saturation is minimised. 

It is observed that the MEL% value decreases with sampling depth; the melamine 

and/or melamine side group decomposition increases with QUV-A exposure time. 

Moreover, the depth resolved MEL% values for clear coat after 2000,2500 and 3000 

hours QUV-A exposure are quite similar. The observations suggest that the degradation 

of melamine is faster in the initial stage. After 2000 hours QUV-A exposure, most of 

the possible melamine groups are degraded resulting in a lower degradation rate. It is 

also observed that the coating surface region is more likely to be affected; this is in 

good correlation to the previous finding. However, the OH% and MEL% quantification 

shown in Fig. 3.19a and b respectively also show different features. For example, the 

OH% quantification shows fairly constant values within a depth of approximately 

12µm; on the other hand, the MEL% quantification shows decreasing values 

throughout the coating thickness. This observation may indicate that the moisture 

enhanced photo-oxidation is more likely to affect the polyester-polyester and/or 

polyester-melamine linkages and lead to hydroxyl group formation; the melamine 

cross-linker itself is less affected by this mechanism. 

The quantification of amine/amide groups (Amine/amide%) shown in Fig. 3.19c 

follows the MEL% method, that is using equations 3.3 and 3.4 but replacing the 

HMelamine by HAmine/amid (height of the amine/amide band at 1650cm 1). As the 

amine/amide groups are usually formed after the melamine/melamine side group 

decomposition, the Amine/amide% can be used to represent the extent of 
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melamine/melamine side group degradation after QUV-A exposure. It is observed from 

Fig. 3.19c that the Amineiamide% values decrease with sampling depth. All of the 

features observed can be well correlated to the OH% and MEL% data shown in 

Figs. 3.19a and b; suggesting that the quantification methods developed here can be 

effectively used to perform accurate depth profiling of the degradation occurring in 

clear coat. 

3.3.3.2 CRM Depth Profiling 

The CRM depth resolved spectra collected at a step size of 2µm in clear coat after 

3000 hours QUV-A exposure is shown in Fig. 3.20 (the CRM spectra of the 

500-2500hours QUV-A samples are also available in Fig. 5.12 in chapter 5). The band 

at 950cm-1 is chosen as the internal reference as it is stable after QUV-A exposure and 

is adjacent to the melamine band (980cm-1). 

Figure 3.20 Overlaid CRM spectra of the clear coat after 3000 hours QUV-A exposure collected 

at different sampling depth (one CRM spectra of the unexposed clear coat is also included) 

It is observed from the CRM spectra of the unexposed and QUV-A 3000 hours samples 

that the melamine side chain C-N/C-O (1550cm-t/1390cm-1) and methoxy groups 
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(910cm-') are significantly degraded after 3000 hours QUV-A exposure. The melamine 

ring is also affected but shows better durability than the melamine side groups (the 

more detailed coating degradation study is shown in chapter 5). It is also observed 

from the depth resolved CRM spectra collected from the clear coat after 3000 hours 

QUV-A exposure that the melamine ring band and residual methoxy band both show 

increasing intensity when the internal reference band is normalised as shown in Fig. 

3.20. This observation suggests that the melamine ring is more affected near the 

coating surface region. As the melamine side chain C-NIC-O groups give relatively 

low intensity bands in the CRM spectra, the band intensity changes at different 

sampling depth can not be clearly observed. 

In order to perform a more instant view of the depth resolved melamine degradation in 

clear coat after different QUV-A exposure time, a quantification method is also 

introduced here. The ratio of band areas of the melamine (980cm"') and internal 

reference (950cm) were calculated to represent the relative quantity of the melamine 

in clear coat, as shown below: 

RaliomFj. = AMH / A. Equation (3.5) 

Where, RatioAIEL is the normalised melamine band intensity; AAlFL and ABBE are the 

melamine and reference band areas respectively. 

The RatioMEL values for the unexposed and exposed (QUV-A) coatings at different 

sampling depth are shown in Figs. 3.21 (a-f). It is observed from Fig. 3.21a that the 

melamine distribution in the clear coat is homogenous with Raitoti(Fy, value of 

approximately 1.5-1.6. It is observed from CRM depth profiling of clear coat after 500 

(Fig. 3.21b) and 1000 hours (Fig. 3.21c) QUV-A exposure that less melamine is found 

within a depth of -10µm from the coating surface region. The Ratio, %(EL values (1.5-1.6) 

in the clear coat (QUV-A 500 and 1000 hours) within a depth of 10-25µm are found 

to be similar to that observed from the unexposed clear coat. But the RaiioAJEL, values 

decrease constantly from -1.5 (unexposed) to 1.3 (500Hrs) and 1.1 (1000Hrs) within a 

depth of 10µm-0µm. Therefore, the melamine in the deeper part of the sample (QUV-A 
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500 and 1000 hours) is found not to be affected, melamine degradation only occurs 

within a depth of -10µm from the surface. 
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Figure 3.21 Quantitative CRM depth profile of clear coat after different QUV-A exposure 

The depth resolved RatioMEL values for clear coat after 2000,2500 and 3000 hours 

QUV-A exposure are shown in Fig. 3.12 (d-f) respectively. The results are relatively 

consistent and suggest more melamine degradation occurred during the QUV-A 

exposure within a depth of 10µm from the coating surface; deeper parts of the clear 

coat (-10-25µm) show better melamine durability. The RatioMMEL values observed from 

Figs. 3.21 (d-f) are 1.3 (2000 hours QUV A), 1.2 (2500 hours QUV-A), 1.1 (3000 

hours QUV-A) and 0.9,0.7,0.7 for the depth of 25-10µm and 0µm respectively. A 

more detailed summary of RatioMEL values is shown in table 3.9. 

It is summarised from the depth resolved RatioAf, values obtained from clear coat 

after QUV-A exposures that more melamine degradation occurs near the coating 

surface within a depth of approximately 10µm. This result shows consistency with that 

observed from SSPA-FTIR depth profiling of clear coat and suggests the coating 

surface region is very likely to undergo the moisture enhanced photo-oxidation 

degradation mechanism. Moreover, the deeper part of the coating within a depth of 

25-10µm is found to be not affected after less than 1000 hours QUV-A exposure; 
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however, remarkable degradation is observed within this depth region of the coating 

after more than 2000 hours QUV-A exposure. This observation indicates the melamine 

ring degradation is controlled by a time dependant parameter that is possibly the 

moisture permeation into the clear coat. Therefore, it is very likely that melamine 

groups in the deeper part of the coating are attacked via moisture enhanced 

photo-oxidation mechanism after the time required (e. g. 2000 QUV-A hours) for 

moisture permeation into the deeper regions of the coating. Another possible 

explanation is that the melamine near the coating surface region is more likely to be 

removed from the coating system after all of the melamine-polyester linkages are 

cleaved resulting in less melamine observed within a depth of 10µm from the surface. 

Table 3.9 RatioMEL values at surface (Opm) and deeper (10-25pm) regions in clear coat 

Sample RatioMEL value at 0µm RatioMEL value at 10-25µm 

Unexposed 1.5 1.5 

500 Hours QUV-A 1.3 1.5 

1000 Hours QUV-A 1.1 1.5 

2000 Hours QUV-A 0.9 1.3 

2500 Hours QUV-A 0.7 1.2 

3000 Hours QUV-A 0.7 1.1 

It is also important to note that although the SSPA-FTIR and CRM depth profiling 

results show similar trends, their signal origins are quite different. The signal obtained 

at different sampling depth using SSPA-FTIR is constructed throughout the thermal 

diffusion depth (SSPA-FTIR sampling depth); however, the depth resolved signal 

obtained using CRM is mainly constructed at/near the desired sampling depth. 

Moreover, the IR and Raman peak area/height quantification methods shown above 

also have errors arising from the instrument calibration, signal intensity and 

peak/baseline selections. A detailed error evaluation of IR and Raman peak area/height 

quantification methods involved in this thesis is shown in appendix. 
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3.3.4 Conclusions 

The SSPA-FTIR and CRM have been demonstrated to be very suitable for both the 

qualitative and quantitative depth profiling of clear coil coating after weathering. The 

SSPA-FTIR and CRM quantification methods were introduced to record the quantity 

of degradation in clear coat at different sampling depth. The results obtained from the 

SSPA-FTIR and CRM correlate to each other very well and suggest the coating surface 

is more likely to be degraded via a moisture enhanced photo-oxidation mechanism. 

Both the SSPA-FTIR and CRM depth profiling data accuracy depends highly on the 

spectral internal reference band selection. Firstly, the internal reference band should be 

relatively stable during the weathering and adjacent to the band of interest in spectra. 

For SSPA-FTIR depth profiling, the reference band should have a similar intensity to 

the band of interest in order to minimise the signal saturation effect. 

The developed SSPA-FTIR and CRM analytical techniques, as well as the 

quantification methods will be applied to the studies of coil coatings before and after 

exposure in various environmental conditions in the following chapters. The 

investigations such as degradation profiles and/or distribution of different functional 

groups in polyester/melamine coil coatings that have not been previously reported will 

be shown. 
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4 Investigations on the Degradation and Durability of 

Naturally Weathered Coil Coatings 

4.1 Introduction 

As reviewed previously, coil coatings are mainly employed in out-door applications, 

such as industrial cladding, automotive parts and domestic appliance. Such 

applications often mean the coil coating is exposed to aggressive environmental 

conditions including large temperature variations, strong sunlight, atmospheric 

pollution and humidity. Such factors may affect a coatings appearance and 

performance over time. Through a process of progressive improvement today's coil 

coatings have much improved exterior durability, however, this does not ensure that 

these coating system achieve the required performance, particularly in areas with high 

humidity, intense UV or frequent acid rain. 

When exposed to the environment organic coatings are subject to photo-oxidation 

(Ranby, 1989; Bauer et al., 1992) and in some instances moisture enhanced 

photo-oxidation mechanism are believed to account for the increased degradation rate 

observed when coatings are used in high humidity environment (Bauer and Mielewski, 

1993; Nguyen et al., 2002). More recently acid rain has become a more prominent 

problem as it often results in etching effects on coil coatings. Mori et al found that 

cross-linkers in polyester-melamine systems degrade very fast in the acidic solution 

present in acid rain (Mori et al., 1999). Most coil coating formulations contain high 

concentrations of pigments; typically around 10-20% by weight of the cured coating is 

pigment. It is generally accepted within the coil coating industry that pigments such as 

titanium dioxide are very likely to catalyse the degradation of binder resins due to their 

photocatalytic properties (Gesenhues, 2001; Almeida et al., 2008; Scierka et al., 2003). 
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It is important commercially to investigate the durability of coil coatings formulations 

both to improve the coating performance and to predict the coatings long term service 

life time before the coating is used in an aggressive external environment. Traditional 

gloss (percentage gloss retention, GR%) and colour (colour change, DE) 

measurements have long been used to quantify and predict the out door performance of 

coatings (Wypych, 2003). However, it was previously found that the correlation of 

DE/GR% and chemical changes in coatings after weathering was not satisfactory 

(Gebhard et al., 2006); the GR% was found to be more related to the coating surface 

erosion (Sung et al., 2006). Many advanced analytical techniques have also been 

applied to coatings research in order to achieve a better understanding on the coating 

degradation mechanisms and predict the coating service life time more effectively. 

Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) are 

widely used to analyse surface morphologies (Biggs et al., 2001; Faucheu et al., 2006; 

Vanlandingham et al., 2001), whilst X-ray Photo-electron Spectroscopy (XPS) 

(Lavaste et al., 2000; Haverkamp et al., 2002) and Time-of- Flight Secondary Ion 

Mass Spectroscopy (ToF-SIMS) (Hinder et al., 2005) have been used to investigate the 

surface chemistry of coatings, before and after exposure to the environment. 

Photoacoustic (PA) Fourier Transform Infrared Spectroscopy (FTIR) (Urban, 1989) on 

the other hand provides excellent bulk chemistry analysis with a sampling depth 

ranging from 6µm to 20µm. Utilising these and other techniques, much research has 

been carried out with the aim of developing more fully an understanding of organic 

coating degradation mechanisms, when such coatings are exposed to different 

environmental conditions. 

Although accelerated weathering procedures and instrumentation such as QUV-A, 

QUV-B and EMMAQUA have been developed as aids with which to study a coating's 

durability, results obtained from such methods are frequently difficult to correlate with 

the performance data obtained when the coil coating are exposed to the natural 

environment (Massey, 1994; Wypych, 2003). The aim of this study was to investigate 

the durability of a polyester-melamine based coil coating formulation to which 
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different pigments (copper blue, lead chromate yellow, and iron oxide red) had been 

added. The resulting coatings were exposed to the environment in Hainan, Peoples 

Republic of China for duration of 2 years. Traditional gloss and colour measurements 

were firstly applied. XPS and PAS-FTIR were used to analyse the surface and bulk 

chemistry of the coatings respectively. Coating surface morphology changes were 

investigated by SEM and AFM. Along with the investigation of the general 

degradation of the coatings, the effect of pigmentation on coating durability, surface 

chemistry and morphology were also investigated. 

4.2 Experimental 

Materials and Sample Preparation: 

The coil coating samples investigated were prepared at Becker Industrial Coatings 

(Liverpool, UK). Two series of coil coating formulations employed were based on the 

hexahydrophthalic anhydride (HHPA) and orthophthalate polyesters (OP); they are 

also termed as BeckeryTech (BT) and BeckeryPol (BP) coatings commercially. The 

hexamethoxymethylmelamine (HMMM) cross-linking agent was included in all 

coating formulations; higher amino ratio MMM was also used together with HMMM 

in the BT coatings. Lead chromate, iron oxide and copper blue pigments were used to 

provide yellow, red and blue coatings respectively. Titanium dioxide pigment was used 

in all of the coating formulations to provide opacity. The coating samples names and 

associated base pigmentation are listed in table 4.1. Due to reasons of commercial 

confidentiality only a general description of the components included in the coil 

coating formulations employed are given here. 

All coatings were cast as a liquid pre-coating on a polyester-melamine primer coated 

aluminium substrate, using a wound wire, draw down bar of a diameter suitable to 

obtain a dry film thickness of 20µm. The coatings were cured for 30 seconds, 

reaching a peak metal temperature (PMT) of 232°C in an electric oven with efficient 

air flow. Discs with -8mm (diameter) were punched from the panel for analysis. 
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Table 4.1 Coil coating sample formulations 

Sample Resin/Crosslinker Pigmentation (Weight Ratio) 

BT -Y HHPA/Melamine' Lead Chromate (42.1 %) + Titanium Dioxide (2.7%) 

BT -R HHPA/Melamine Iron Oxide (21.3%) + Titanium Dioxide (0.7%) 

BT -B HHPA/Melamine Copper Blue (7.7%) + Titanium Dioxide (11.4%) 

BP-Y OP/Melamine2 Lead Chromate (42.4%) + Titanium Dioxide (2.8%) 

BP-R OP/Melamine Iron Oxide (17.0%) + Titanium dioxide (0.7%) 

BP-B OP/Melamine Copper Blue (5.5%) + Titanium Dioxide (6.9%) 
'HMMM and high amino ratio MMM 
2HMMM only 

Weathering of Coil Coatings: 

Samples were exposed to the environment at a 45° angle to the horizontal and facing 

south towards the sun in Hainan province, south-eastern Peoples Republic of China 

(PRC) for two years. The site chosen for sample exposure is subject to high 

temperatures, high humidity and a high solar UV dosage. A summary of the general 

weather conditions experienced in Hainan, PRC are provided in table 4.2. For analysis, 

one half of the coated panel after weathering was cleaned by rinsing the coated panel 

with distilled water followed by swabbing the coated panel with cotton wool to remove 

any loosely adhered particle (washed coil coatings). The untouched half of the 

weathered coated panel was analysed as received (unwashed coil coatings). 

Table 4.2 Climatic data for Hainan, PRC (Maxted, 2004) 

Average Annual High/Low Temperature (°C) 37/11 

Average Annual Relative Humidity (%) 81 

Total UV Radiation (MJ/m2/year) at 26°S tilt 306 

Annual Rainfall (mm/year) 2013 

Distance from Ocean (m) 300 

Average pH of Rainfall 5 

90 



Degradation and Durability of Naturally Weathered Coil Coatings 

X-ray Photoelectron Spectroscopy: 

XPS analyses were performed on a Thermo VG Scientific (East Grinstead, UK) 

ESCALAB Mk II spectrometer. The instrument is equipped with an XR4 twin anode 

X-ray source (AIKa/MgKa) and an Alpha 110 analyser. In this work the twin anodes 

AIKa X-ray source (hv = 1486.6eV) was used at 300W (15kV x 20mA). The pass 

energy employed for all survey spectrum acquisitions was 100eV. The pass energy was 

set at 20eV for the acquisition of the Cis, Ols, Nis and high resolution spectra. For 

the high resolution spectra of the other elements, a pass energy of 50eV was used. 

Sample mounting for XPS analysis was achieved by fixing a specimen to a VG sample 

stub using double sided adhesive tape. Quantitative surface chemical analyses were 

calculated from the high resolution, core level spectra following the removal of a 

non-linear (Shirley) background. The manufacturer's Avantage software was used 

which incorporates the appropriate sensitivity factors and corrects for the electron 

energy analyser transmission function. 

Photoacoustic (PA) FTIR: 

Photoacoustic FTIR spectra were recorded on a Nicolet 8700 spectrometer (Madison, 

USA) with an MTEC model 200 PA accessory (Ames, USA), in the mid-IR region 

(400-4000 cm-1) with a resolution of 8 cm-1. The PA cell was purged with dry helium at 

20 cm3/s for 5 minutes before acquiring a spectrum. All data processing was performed 

using the FTIR supplier's Omnic V7.3 software. 

Atomic Force Microscopy: 

Surface topography data was obtained using an NT MDT NTEGRA-Spectra AFM 

(Moscow, Russia). The AFM was operated in the semi-contact mode using NT MDT 

NSG03 cantilevers (Moscow, Russia). AFM images of 100x 100 µm2,50x50 µm2, 

25x25 µm2 and 15 x 15 µm2 were acquired from each sample. 
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Scanning Electron Microscopy: 

Coating surface morphology was also investigated using the Hitachi S-3200 SEM 

(Tokyo, Japan) with an accelerating voltage of 25keV. Samples were sputter coated 

with 6nm thick gold. (Note this measurement was accomplished by Exeter Advanced 

Technologies, University of Exeter. ) 

Gloss Retention and Colour Change Measurements: 

Gloss measurements were investigated with a Sheen 60° gloss meter calibrated with 

glossy black panel with a reflection of 93.4. Colour change data was obtained using the 

Datacolour Spectraflash 300 fitted with an integrating sphere (Cheshire, UK). 

4.3 Results and Discussion 

4.3. lCharacterisation of Coatings Based on the BeckeryTech/Melamine Resin 

System 

4.3.1.1 Characterisation of the Unweathered Coil Coatings 

The elemental surface compositions for the BT B, BT -R and BT -Y unweathered 

control samples, as determined by XPS, are summarised in table 4.3. The elemental 

surface compositions for the BT B, BT -R and BT -Y coatings are all quite similar and 

very well correlated with previous findings (Perruchot et al., 2002). Each of the 

coating surfaces are primarily composed of carbon (78±2 at. %) and oxygen (18±2 at. 

%) which are presumably due to the presence of the polyester resin and acrylic flow 

agents at the coating surfaces. Nitrogen is also observed for each of the coating 

surfaces in similar concentration (1.3±0.1 at. %) and arises due to the presence of the 

melamine cross-linking agent (the major source of nitrogen in the coating) at the 

coating surface. Small quantities of Na, Ca and Si are also observed for each of the 

coating surfaces. The presence of these elements in the coatings is likely to be due to 

the inclusion of minor additives in the coating formulations although the possibility of 

some adventitious surface contamination cannot be ruled out. No elements indicative 

of the pigments included in the formulations were observed by XPS, except in the case 
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of the BT -Y unweathered sample. As shown in table 4.3, lead (0.1 at. %) from the lead 

chromate yellow pigment is observed at the surface of the BT-Y coil coating. 

Table 4.3 Elemental surface composition of unweathered coil coatings determined by XPS 

analysis 

C/ 0/ N/ Na/ Ca/ Si/ Pb/ 
Sample 

At. % At. % At. % At. % At. % At. % At. % 

BT -B 79.0 16.9 1.2 0.2 0.8 1.9 - 

BT -R 76.9 19.2 1.4 0.3 0.4 1.9 - 

BT -Y 77.2 19.9 1.3 - 0.3 1.2 0.1 

The surface morphology analyses of the BT -B coating are shown in Fig. 4.1; included 

are an SEM micrograph (Fig. 4.1a); an AFM tapping mode image (Fig. 4.1b) and a 

surface feature size (height) distribution chart (Fig. 4.1c) obtained from the area 

scanned in Fig. 4.1b. It is observed in Fig. 4.1a that the BT -B coating surface is 

generally smooth with only a few small features present. However, the BT -13 coating 

surface is not entirely flat with a number of raised features being observed. The AFM 

tapping mode image of the BT -B coating surface in Fig. 4.1 b was acquired over 50 x 

50 pm 2 area and possesses similar features to those observed in the SEM micrograph in 

Fig. 4.1a of the BT -B coating surface. Fig. 4.1c demonstrates that the majority of 

surface features on the BT -B coating surface have a size greater than 1 pm with a 

smaller number of features possessing sizes of approximately 0.4µm. According to the 

results from the SEM micrograph in Fig. 4.1 a, the AFM surface image in Fig. 4. lb and 

the AFM surface feature size distribution chart in Fig. 4.1c, the smaller and larger 

raised features observed on the BT -13 coatings surfaces are likely to be A. 4 and >1 pm 

in size respectively. 
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(a) SEM micrograph 

(b) AFM 3-D tapping mode image 

0.5 1.0 1.5 2.0 2.5 
am 

(c) Surface feature (height) size distribution chart 
Figure 4.1 Surface morphology of the BT-B coating 
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The surface morphology analyses of the BT -R coating are shown in Fig. 4.2; the figure 

layout is the same as that employed for the surface morphology analyses of the BT -13 

coating shown in Fig. 4.1. Generally, the SEM micrograph in Fig. 4.2a and the AFM 

tapping mode image in Fig. 4.2b suggest the BT -R coating surface is somewhat 

rougher and possesses a greater number of small features than the BT -B coating 

surface. A small number of raised features are present on the BTR coating surface. 

The surface feature (height) size distribution chart in Fig. 4.2c indicates that the 

number of features with sizes of 0.4µm and -0.7µm on the BTR coating surface are 

significantly increased when compared to the BT -B coating surface, while surface 

features with sizes of -1 µm, whilst observed, are fewer in number. These results 

indicate that the increase in features with sizes of 0.4µm and 0.7µm is very likely 

due to the increasing number of small features observed in Fig. 4.2a and b; the raised 

features may still possess sizes of >I gm. 
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(a) SEM micrograph 
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(b) AFM 3-D tapping mode image 
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(c) Surface feature (height) size distribution chart 
Figure 4.2 Surface morphology of the BT -R coating 

Fig. 4.3 shows the surface morphology analyses of the BT -Y coating. It is observed 

from both the SEM micrograph (Fig. 4.3a) and AFM tapping mode image (Fig. 4.3b) 

of the BT -Y coating surface that the raised features are still present; however, the 

surface of BT -Y coating is observed to be much rougher than that of the BT -B and 

BT -R coatings. The surface feature (height) size distribution chart in Fig. 3c indicates 

that the number of small features possessing sizes of 0.51im to ---0.8µm is significantly 

increased when compared to the BT -13 and BT -R coatings. Similar to the BTB and 
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BT-R coatings, a small number of features with sizes greater than l gm are present due 

to the raised features observed on the BT -Y coating surface. 
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(c) Surface feature (height) size distribution chart 
Figure 4.3 Surface morphology of the BT-Y coating 

As the BT B, BT -R and BT -Y coatings are based on the same resin with the same 

cross-linking agent, the most likely explanation for the observations of different 

surface morphological and chemical properties is types and/or amount of the pigments 

incorporated in the coating formulation. Generally, the particle sizes of the pigments 

used in this work are greater than 0.2µm, except in the case of the copper blue pigment 

which possesses an average particle size of less than 0.1 µm (according to the pigment 

manufacture's data sheet). As surface features with sizes less than 0.1µm were not 

observed in Fig. 2c for the BT-B coating surface, the copper blue pigment essentially 

does not affect the surface morphological properties of the BT -B coating. It is observed 

in table 4.1 that the BT B, BT -R and BT -Y coatings contain approximately 11.4wt% 

(titanium dioxide), 22. Owt% (iron oxide and titanium dioxide) and 44.8wt% (lead 

chromate and titanium dioxide) of pigments in the formulation; therefore, the number 

of small features observed on the BT B, BT -R and BT -Y coating surfaces is found to be 

roughly proportional to the total pigmentation incorporated. The increasing number of 

small features observed on the BT -Y coating surface with the highest pigmentation 

(44.8wt%) is very likely due to either the pigment exposure on the surface or the XPS 

sampling depth (5-6nm) being sufficient to penetrate through the relative thin flow 

agent and/or resin layers above the pigment. In contrast, the BT -B coating with fairly 

low pigmentation shows a smoother surface with less small features present and no 

traces of pigment. 

98 



Degradation and Durability of Naturally Weathered Coil Coatings 

The XPS surface chemistry analysis also supports the above hypothesis. As previously 

reported by Perruchot et al., the polyester coil coating surfaces are primarily covered 

by the flow agent; however, this segregation layer may not be homogenous and the 

surface may exist as islands of the binder resins in a sea of flow agent (Perruchot et al., 

2003). These `islands' as they referred to are possibly the raised features observed from 

the BT B, BT -R and BT -13 coating surfaces. The pigments included in the formulations 

are not expected to be observed at the coating surface as they are usually covered by 

the binder resins and the XPS sampling depth ('5-6nm) is not sufficient to penetrate 

through the surrounding resins. However, lead, originating from the lead chromate 

pigment, is observed at the BT-Y air/coating interface (table 4.3) by XPS; no traces of 

pigments are found at the BT -B and BT -R coating surfaces. Therefore, the high 

pigmentation concentration in the BT -Y coating formulation is responsible for the 

observation of pigment from XPS surface chemistry analysis and the increased number 

of small features on the BT -Y coating surface demonstrated by the SEM/AFM surface 

morphology analyses. 

The results from the surface morphology analyses of the unweathered BT B, BT -R and 

BT -Y coatings suggest that the surface feature size distribution charts can be used to 

represent the relative quantity of surface features with different sizes (i. e. the small and 

raised features) observed from SEM micrographs and AFM tapping mode images. 

4.3.1.2 Characterisation of the Unwashed Weathered Coil Coatings 

The unwashed but weathered coil coating samples were analysed by SEM and XPS to 

investigate the morphology and chemistry of the coating surfaces after two years 

exposure to the natural environment. The elemental surface compositions for the BT B, 

BT -R and BT -Y unwashed (UW) weathered samples, as determined by XPS, are 

summarised in table 4.4. Each of the unwashed weathered coating surfaces are 

primarily composed of carbon (35±2 at. %) and oxygen (48±2 at. %). The carbon is 

primarily due to the presence of the polyester resin at the coating surfaces. While 

oxygen also primarily originates from the polyester resin it also arises from the 
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presence of pigments and dirt accumulated during the weathering. Nitrogen (3.3±0.4 at. 

%) mainly arises from the melamine cross-linking agent at the coating surface. Small 

quantities of Na and Ca are also observed for each of the unwashed weathered coating 

surfaces. Their presence is likely to be due to adventitious surface contamination 

during the weathering and/or the sample handling processes. Si, Al, and Mg are also 

observed on each of the coating surfaces and very likely originate from the 

adventitious dirt (magnesium/aluminium silicates such as clay) accumulation during 

the weathering process; these results are very well correlated with the previous 

findings (Haverkamp et al., 2002). Elements consistent with the pigments employed in 

each of the coating formulations were observed by XPS on each of the unwashed 

weathered coating samples. Cu is observed in the XPS elemental compositional 

analysis of the BT-B-UW coating and suggests that the copper blue pigment is present 

at the BT-B-UW coating surface after weathering. Similarly, Pb and Cr from the lead 

chromate pigment employed in the BT -Y coating formulation were observed by XPS at 

the BT-Y-UW coating surface after weathering. The observation of Fe on the surfaces 

of each of the weathered coating samples (see table 4.4) is likely to be due to dirt 

accumulated on the coating surfaces during the weathering process. However, the 

greater concentration of Fe observed on the BT-R-UW coating surface suggests there 

is a contribution to the Fe signal from the iron red pigment that was included in the 

BT-R coating formulation. Ti is observed by XPS on each of the weathered coating 

surfaces, this suggests exposure of the titanium dioxide pigment that is included in 

each of the coating formulation. Thus the XPS results indicate that upon weathering 

coating pigments are exposed at the coating surfaces and that the coating acquires 

adventitious contaminants on its surface. 
Table 4.4 Elemental surface composition of weathered but unwashed coil coatings determined 

by XPS analysis 

Sample C/ 0/ N/ Na / Ca / Si / Al / 

(UW) At. % At. % At. % At. % At. % At. % At. % 

BT-B 37.5 46.0 3.7 1.1 0.1 5.8 2.6 

BT-R 32.6 49.7 2.9 1.1 0.1 7.1 3.7 

BT -Y 32.9 50.3 1.8 0.4 0.2 7.7 3.9 
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(Continued) 

Sample Mg / Ti / Fe / Pb / Cr / Cu / 

(UW) At. % At. % At. % At. % At. % At. % 

BT -B 0.3 2.4 0.4 

BT-R 0.7 0.4 1.7 --- 
BT -Y 0.4 0.6 0.8 0.1 0.9 - 

SEM micrographs of the BT-B-UW, BT-R-UW and BT Y UW coatings are shown in 

Figs. 4.4a, b and c respectively. It is observed from Fig. 4.4a that the BT-B-UW 

coating surface is generally rougher than the unexposed BT -13 coating; a large number 

of small features are present on the BT-B-UW coating surface. These small features 

were not observed previously on the unweathered BT -B coating surface (Fig. 4.1 a) and 

are possibly due to the presence of adventitious contaminants acquired during the 

weathering process. The XPS surface chemistry analysis shown in table 4.4 indicates 

the carbon concentration decreases, while the oxygen, nitrogen and silicon 

concentrations increase on the BT-B-UW coating when compared to the unexposed 

BT -13 coating surface (table 4.3). No Al, Mg or Ti was observed in the XPS surface 

analysis of the unweathered BT -B coating; however, these elements were found on the 

BT-B-UW coating surface (table 4.4). This result suggests that the small features 

observed by SEM on the BT-B-UW coating surface are very likely to be due the 

accumulated dirt and contamination (aluminium/magnesium silicates) and possibly to 

loosely bound pigment particles resulting from two years of weathering. No AFM 

tapping mode images could be acquired on the BT-B-UW, BT-R-UW and BT Y UW 

coatings because the AFM tip readily "picks up" the loosely bound surface particles 

during tip rastering which leads to a loss of image resolution. 
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(a) SEM micrograph of the BT-B-UW coating surface 
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(b) SEM micrograph of the BT-R-UW coating surface 
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(c) SEM micrograph of the BT-Y-UW coating surface 
Figure 4.4 SEM micrographs of the BT-B-UW, BT-R-UW and BT-Y-UW coating surfaces 
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It is observed from the SEM micrographs of the BT-R-UW and BT Y UW coatings in 

Fig. 4.4b and c that the surface features of the two coatings are quite similar to that of 

the BT-B-UW coating. The hole observed in the BT-R-UW coating surface (Fig. 4.4b) 

suggests that the degradation of this coating surface is not homogenous (localised 

erosion). The surface chemistries of the BT-R-UW and BT Y UW coatings, as 

determined by XPS, are consistent with that of the BT-B-UW coating. Pb and Cr from 

the lead chromate yellow pigment is only present on the BT Y UW coating while the 

greater concentration of Fe (1.7 At. %) observed for the BT-R-UW coating (when 

compared to the BT-B-UW and BT Y UW coatings) indicates the presence of the iron 

oxide pigment. These results suggest the lead chromate and iron oxide pigments in the 

BT -Y and BT -R coating formulations are exposed on the coating surfaces as a result of 

the weathering process. The dirt accumulated on the BT-R-UW and BT Y UW coating 

surfaces during weathering results in the increased concentrations of Si, Al, Mg and 0 

observed on these samples. 

The results from the XPS and SEM analyses of the BT-B-UW, BT-R-UW and 

BT Y UW coatings suggest the adventitious contamination was accumulated on the 

coating surfaces that may be responsible for the loss of coating aesthetics that is 

usually found after natural weathering process. The increased N concentration 

indicates more polyester/melamine resin was exposed after two years weathering. The 

adventitious contamination (aluminium/magnesium silicates) and pigment exposed on 

the coating surfaces may lead to the decreased C signal and increased 0 concentration. 

Moreover, the photo-oxidation and/or hydrolysis of the coating that is usually found 

after the weathering of polymer coatings may also contribute to the increased 0 and 

decreased C concentrations on the coating surface. It is also observed from table 4.4 

that the XPS analysis of the BT-B-UW coating shows higher C, N and Ti, lower Si, Al, 

Mg and 0 concentrations comparing to that of the BT-R-UW and BT Y UW coatings. 

It is known that titanium dioxide is photo-active and usually used in the self-cleaning 

coating system (Euvananont et al., 2008); dust particles can be removed automatically 

by the chalking of titanium dioxide particles. Therefore, the different surface chemistry 
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of the BT-B-UW from that of the BT-R-UW and BT-Y-UW coatings is possibly due to 

the chalking effect of the high concentration of titanium dioxide pigment that was 

employed in the BT -B coating formulation. 

4.3.1.3 Characterisation of the Washed Weathered Coil Coating 

For the purposes of removing loose dirt and pigment particles that had accumulated on 

the coating surfaces and in an effort to reveal the degraded coating surface resulting 

from weathering, specimens from the weathered BT B, BT -R and BT-Y coatings were 

washed in ultra-pure water and then analysed. The elemental surface compositions for 

the BT B, BT -R and BT -Y weathered but washed (-W) samples, as determined by XPS, 

are summarised in table 4.5. The elements found on the washed coating surfaces were 

the same as those observed on the unwashed coating surfaces; however, the 

concentrations of all of the elements are quite different. Generally, the elemental 

compositions of the washed coatings reveals that the C and N concentrations increase 

while the elements associated with dirt (Si, Al, Mg and Fe) and pigmentation (Pb, Cr, 

Cu, Ti, Fe) decrease (table 4.5). The observed Na and Ca may arise from the sample 

handling process and/or adventitious surface contamination. Therefore, the XPS 

surface chemical analyses suggest that the washed coating surface contains less dirt 

and pigment and that more coating binder resin and cross-linking agent are revealed by 

the sample washing procedure. 

Table 4.5 Elemental surface composition of weathered and washed coatings surfaces 
determined by XPS 

Sample C/ 0/ N/ Na / Ca / Si / Al / 

(W) At. % At. % At. % At. % At. % At. % At. % 

BT -B 56.2 32.0 5.0 0.5 0.3 1.9 2.0 

BT -R 42.4 42.1 3.7 0.5 0.3 6.2 2.7 

BT -Y 43.5 44.4 2.0 0.3 0.2 4.9 2.3 

(Continued) 
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Sample Mg / Ti / Fe / Pb / Cr/ Cu / 

(W) At. % At. % At. % At. % At. % At. % 

BTB 0.3 1.4 0.1 --0.2 
BT -R 0.3 0.3 1.0 --- 

BT-Y 0.3 0.4 0.6 cýi II- 

Fig. 4.5 shows the surface morphology (a, b and c) and PA-FTIR (d) analyses of the 

BT-B-W coating; in order to highlight the IR spectral changes, the IR spectrum of the 

unweathered BT -B coating is also included in Fig. 4.5d. As the IR penetration depth is 

approximately 6 to 12µm, the PA-FTIR is taken as a bulk chemistry analysis in this 

work. It is observed from Fig. 4.5a that the surface features on the BT-B-W coating are 

quite different from those observed on the BT-B-UW coating. Most of the small 

features observed on the BT-B-UW coating surface are no longer on the BT-B-W 

coating surface; a large number of raised features are now clearly observed in Fig. 4.5a. 

Small particles are observed in the holes and hollows regions on the BT-B-W coating 

surface. Moreover, the BT-B-W coating surface is rougher because it has degraded in 

an uneven manner when compared to the SEM micrograph of the unweathered BT -13 

coating (Fig. 4.1a). The AFM tapping mode image in Fig. 4.5b also shows similar 

features in that the BT-B-W coating surface becomes rougher and uneven after two 

years weathering. 

The surface feature distribution chart of the BT-B-W coating (Fig. 4.5c) indicates there 

is an increasing concentration of features with sizes smaller than 1 µm when compared 

to that of the unweathered BT -B coating (Fig. 4.1 c). A large number of surface features 

with sizes greater than lµm are still observed on the BT-B-W coating surface. 

Therefore, the raised and small features observed in Fig. 4.5a are very likely to possess 

sizes of <1 µm and >Igm respectively. The surface composition of the BT-B-W coating 

as determined by XPS (table 4.5) suggests that the concentrations of elements 

associated with dirt (Si, Al, Mg and 0) and pigment (Ti and 0) are significantly 

reduced while those associated with the organic components of the coating (C and N) 
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increased. Thus it is highly likely that the raised features are the coating surface; whilst 

the small particles with sizes smaller than 1 pm are the titanium dioxide pigment and/or 

strongly adhered dirt remaining in the holes and the hollow regions on the BT-B-W 

coating surfaces. The organic resin in the coating (the raised features) are revealed as 

most of the loose dirt and pigment particles are removed from the surface after 

washing. 

Although the surface morphological and chemical changes of the BT-B-W coating, 

when compared to the unweathered BT -B coating, are significant, the bulk chemistry 

determined by PA-FTIR in Fig. 4.5d only show a few small differences. A general IR 

band assignment is given in table 4.6 to assist with the interpretation of the bulk 

chemistry analysis. It is observed in Fig. 4.5d that the -OH and C=O band intensities 

are increased; whilst the melamine cross-linker band intensity are decreased. No 

changes in the other bands are observed in Fig. 4.5d. These results indicate the BT -B 

coating generally undergoes hydrolysis (increase of -OH band) and photo-oxidation 

(increase of C=O band) during the weathering process. The decrease in the intensity of 

the melamine band on the other hand, indicates that there is photo-induced degradation 

of the melamine cross-linking agent. The bulk chemistry of the BT-B-W coating 

determined by PA-FTIR suggests the BT -13 coating generally possesses good durability 

against the weathering with no significant binder resin or cross-linking agent 

degradation being observed. 
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(d) PA-FTIR spectra of the BT-B (unexposed) and BT-B-W (exposed but washed) coatings 
Figure 4.5 Surface (a, b and c) and bulk (d) analyses of the BT-B-W coating 

Table 4.6 General PA-FTIR band assignment 

Band Position (cm"') Assignment 

3700-2500 Hydroxyl group (-OH) vibration 

1730 Carbonyl group (-C=O) vibration 

1550 Melamine ring and side group vibration 

The surface morphology and bulk chemistry analyses of the BT-R-W coating is shown 

in Fig. 4.6; the figure layout is the same as that employed for the surface morphology 

analyses of the BT-B-W coating shown in Fig. 4.5. It is observed in Fig. 4.6a that the 

BT-R-W coating surface morphology is generally similar to that of the BT-R-UW 

coating (Fig. 4) but very different from that of the BT-B-W coating surface (Fig. 4.5a). 

No small or raised features with few particles as observed in the SEM micrograph of 

the BT-B-W are present on the surface of BT-R-W coating. The AFM tapping mode 

image (Fig. 4.6b) also suggests the BT-R-W coating surface becomes rougher after two 

years weathering; however, it is less rough than the BT-B-W coating. The BT-R-W 

coating degrades quite evenly at the surface region. The surface feature distribution 

chart (Fig. 4.6c) of the scanned area (Fig. 4.6b) suggests there are nearly no surface 

features with sizes smaller than 0.5µm present; the small features observed in Fig. 

4.6a/b may possess sizes of approximately 0.5µm to Iµm while the other bigger 
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angular features possess sizes of greater than 1 µm. The XPS surface chemistry analysis 

shown in table 4.5 suggests there is a smaller reduction in the concentration of 

elements associated with dirt (Si, Al, Mg and 0) and pigment (Fe) on the BT-R-W 

surface when compared to the XPS compositional analysis of the BT-B-W coating. 

Although the C and N concentrations for the BT-R-W coating increase after washing, 

the concentrations are still smaller than those of the BT-B-W coating (table 4.4). 

These results clearly indicate that less dirt (clay) was removed after washing from the 

BT-R-W coating than was removed from the BT-B-W coating. Most of the BT-R-W 

coating surface area is covered in dirt and this results in less binder resin (C and N) 

being observed in XPS. The surface morphology and chemistry analyses indicate that a 

small number of pigment particles with sizes of less than 0.5µm are found on the 

BT-R-W coating surface; a larger number of dirt (with particle sizes of greater than 

1µm) is also present. It is also quite possible that the features in the size range of 

0.5µm to 1µm, as observed in Fig. 4.6c, are also due to dirt particles. 

The bulk chemistry analysis of the BT-R-W coating, as determined by PA-FTIR (Fig. 

4.6d) shows similar features to those of the BT-B-W coating. Although the BT-R-W 

coating surface is generally flat with fewer holes than the BT-B-W coating surface, the 

bulk of the BT-R-W coating is actually as well protected as that of the BT-B-W 

coating. 

109 



Degradation and Durability of Naturally Weathered Coil Coatings 

ic; ._ 
_,? ý. 

. a.. 1ºº+ y- ":..: _- -::. 
rr 

, 
ýýý' 

. i^- ý : ýº 
,ý'. 

` .,, -s ýýV ý�. 
ý. 

``ry 
. . 

r- 
++°ý 

ý": ýý' '.! ºý 

_o 

;... y-'! 
r ý''ý'vº 

rr<'ý 
V.. 

.. 

.f- 

.ý "a. _-_.. ---.. - -_ _- ý-ýº',,. ya. ý,,, ,-. . ý,. ss, 
.~_. _. ý,: .. 

`ý" 
.... ý' >, ý :-_.. _"ý P- . ý: ý -- .' ýý :_.:.. ý - .' 

ýý7 
- , º..,.. ý 

ýy 't;,,.. Sj'Y .. 1:.,: a:. 

w� _. ý: , ý'ý"- -. ; ý- ,-w 
ý*ý, rMw+ý'ý. 

ý: 
ý+ 

. 
ý'1 " 

ý'" 

-_ 

ý 
O. 

fý _.. rP' `"=+ :. 'ý. "wr. 
- ýý . «. .ý ýý~' _. r' ' Jr: 

ý-ur" ýY! 'c 
.., 

Vf ;;. ý 
. C4 

,.. - Amt% 'ýý I. 

_. 
"g ý.. 

v. 
. 
+.. 

vy. ý=°ý 
`rSRr: {-ý/ 

_ý 
_a. 

'. 
ý. ýýý 

ý. ý 

zum 

(a) SEM micrograph 

W" 

00 

ý ý 

C ý 

-- - 7M- rr-. _. ýý:, -_ :. ý:.. : r. J.. _. ,,. ý". _4" 

(b) AFM 3-D tapping mode image 

0 0.5 1.0 1.5 2.0 
pm 

:. 5 

(c) Surface feature (height) size distribution chart 

110 



Degradation and Durability of Naturally Weathered Coil Coatings 

(d) PA-FTIR spectra comparison of the BT-R and BT-R-W coatings 
Figure 4.6 Surface (a, b and c) and bulk (d) analyses of the BT-R-W coating 

The surface and bulk analyses of the BT-Y-W coating are shown in Fig. 4.7; the figure 

layout is the same as that employed for the surface morphology analyses of the 

BT-B-W and BT-R-W coatings (Fig. 4.5 and 4.6 respectively). In the SEM micrograph 

of the BT YW coating in Fig. 4.7a, surface features similar to those seen on the 

BT Y UW coating are observed. A large number of small sized features and a small 

number of angular features with sizes greater than I gm are clearly observed. The AFM 

tapping mode image shown in Fig. 4.7b suggests the BT YW coating surface is also 

roughened after two years weathering; however, the surface morphology changes are 

not as significant as those of the BT -B and BT -R coatings as the unweathered BT -Y 

coating surface is much rougher than the unweathered BT -13 and BT -R coating surfaces. 

The surface feature distribution chart of the BT YW coating (Fig. 4.7c) indicates there 

is a decrease in the number of features with sizes of less than 0.5µm and a significant 

increase in the number of features with sizes greater than I µm, when compared to the 

unweathered BT -Y coating (Fig. 4.3c). 

The XPS elemental surface composition results in table 4.5 indicate there are a large 

number of dirt (Si, AL, Mg and 0) and a few pigment (Pb and Cr) particles still 
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present after washing. It was noted previously in the BT -Y coatings surface feature 

distribution chart in Fig. 4.3c, that the BT -Y coating surface is primarily composed of 

pigment particles of 0.51im. The surface feature distribution chart in Fig. 4.7c for the 

BT YW coating suggests that the majority of the BT YW coating surface is covered 

by dirt particles (with sizes greater than Ipm) rather than pigment particles (0.5µm). 

Generally, the BT YW and BT-R-W coatings possess similar surface morphological 

and chemical properties, whilst the BT-B-W coating possesses quite different surface 

morphological and chemical properties. The bulk chemistry of the BT-Y-W coating, as 

determined by PA-FTIR and presented in Fig. 4.7d, shows quite different spectral 

features to those of the BT-B-W and BT-R-W coatings (Figs. 4.5d and 4.6d 

respectively). The increase in -OH signal coupled with the decrease in intensity of the 

melamine band, as observed in Fig. 4.7d, are both more significant than those of the 

BT-B-W and BT-B-W coatings. These results indicate that more photo-oxidation and 

hydrolysis degradation occurs for the BT YW coating than for the BT-R-W and 

BT-B-W coatings. 
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(d) PA-FTIR spectra comparison of the BT -Y and BT-Y-W coatings 
Figure 4.7 Surface (a, b and c) and bulk (d) analyses of the BT-Y-W coating 
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In summary, it is found that loose dirt and pigment particles are removed from the 

weathered BT B, BT -R and BT -Y coating surfaces after washing, which results in 

decreased Si, Al, Mg and 0 (dirt) and Fe, Ti, Pb and Cr (pigment) surface 

concentrations. The surface morphology analyses of the BT -B-W, BT-R-W and 

BT YW coatings, as determined by SEM, also support this finding. The BT-B-W 

coating possesses very different surface morphological and chemical properties than 

the BT-R-W and BT YW coatings. As the BT B, BT -R and BT -Y coatings are based on 

the same resin system, the most plausible explanation for the different surface 

properties observed after 2 years weathering must be associated with the pigments 

incorporated in the coating formulation. 

It is well known that the Ti02 particle is highly photo-active (as shown in Fig. 4.8); 

even fully stabilised grades have 5% of the surface active. When Ti02 is exposed to 

ultra-violet (UV) light an electron (e) is promoted from the valance band to the 

conduction band resulting in a positively charged hole (h). The h+ can react with a 

molecule of water to form an *OH radical while the electron can form a peroxide 

radical (*02 or *OOH) when it is transferred to an 02 molecule. Both the *OH and *02 

radicals are highly reactive and will result in the oxidation and degradation of organic 

materials. When the organic binder surrounding Ti02 pigment particles is highly 

degraded, the Ti02 particles together with the binder resin and surface contaminants 

can be very easily removed from the coating surface (chalking). Of the coatings under 

investigation the BT -B coating contains the highest titanium dioxide pigmentation 

concentration and as a result of this exhibits chalking of the coating surface. Moreover, 

the humid environment and access to atmospheric oxygen may also promote the Ti02 

photo-activity and results in significant chalking on the coating surface. This Ti02 

pigment induced chalking results in less dirt being observed on the BT-B-UW coating 

surface by XPS and leads to a significant reduction in the amount of dirt that 

accumulates on the BT-B-W coating surface. 
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The BT -R and BTY coatings contain a smaller concentration of titanium dioxide 

pigment in the formulation, thus little or no chalking occurs on these surfaces. Only a 

small number of dirt and pigment particles are removed from the weathered BT-R and 

BT -Y coatings after washing. Moreover, the surface feature distribution charts for the 

BT-R-W and BT YW coatings suggest their surfaces are primarily composed of dirt 

particles with sizes greater than 1µm and a small number of pigment particles with 

sizes of 0.5µm. The BT-Y-W coating has more surface features with sizes of less than 

0.5µm, when compared to the BT-R-W coating, as a greater pigment concentration is 

included in the BT -Y formulation. This greater pigment concentration in the BT -Y 

formulation results in more pigment particles accumulating at the BT -Y coating 

surface. 

Ti02+ by h+ + e- 
(e-- electron promoted by UV radiation; h+ - hole with positive charge) 

h++H2O *OH+ H+ (Formation of *OH radical) 

e- +02 + H2O *OOH (Formation of *OOH radical) 

Figure 4.8 Schematic diagram of the photoactivity of the T102 

Although the SEM/AFM surface morphological and XPS surface chemistry analyses 

suggest the BT-B-W coating displays significant changes at the surface, the bulk 

chemistry analyses determined by PA-FTIR indicate the BT YW sample undergoes the 

most significant bulk degradation during two years weathering. This result is also 

believed to be due to the pigments included in the coating formulation. It has been 

demonstrated that cyclohexane can be oxidised by Cr containing catalyst Cr-MCM-41 

due to Cr (VI)'s strong oxidising properties (Laha and Gläser, 2007; Samanta et al., 

2005). Moreover Cr (VI) ion is capable of performing a variety of oxidising reactions 

in the natural environment (Weckhuysen et al., 1996). The high pigmentation (lead 

chromate) of the BT -Y coating formulation may lead to the oxidation of the resin 

matrix which in turn accelerates the binder resin/cross-linker degradation. Cr (VI) may 

be reduced to Cr (V), Cr (IV) and Cr (III) as it oxidises the binder resin in the coating; 

however, it has also been shown that Cr (III) is an effective catalyst with which to 
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oxidise organic materials (Muzart, 1992). Additionally, it has been demonstrated that 

the solubility of the chromate ion increases with the acidity of a solution (Willard and 

Kassner, 1930). According to the climatic data of our exposure site (Hainan, China) in 

table 4.2, the coatings were weathered in condition of high relative humidity and 

frequent rainfall. With increasing global pollution the acid rain becomes a severe 

problem; the wet condition in Hainan is very likely to be acidic (pH -5) and this would 

increases the solubility of the chromate ions near the BT -Y coating surface region. The 

increased solubility of the chromate ion in acid solutions coupled with its strong 

oxidising properties will accelerate the BT -Y coating degradation which results in the 

significant increase in the -OH group as observed in Fig. 4.7d. 

4.3.2 Characterisation of Coatings Based on the BeckeryPol/Melamine Resin 

System 

4.3.2.1 Characterisation of the Unweathered Coil Coatings 

The surface composition of the unweathered coil coatings based on the 

BeckryPol/Melamine resin system, as determined by XPS is shown in table 4.7. All of 

the observations are consistent with previous findings (table 4.3). The slightly higher 0 

and lower C surface compositions observed from BeckryPol (BP) coatings when 

compared to the BeckeryTech (BT) coatings are very likely to arise from the different 

flow aid included in the BT and BP coating formulations. Moreover, Pb is only found 

from the BP-Y coating surface. This finding is also consistent with previous 

observation and suggests due to the high pigmentation in the BP-Y coating (42.4wt%) 

the lead chromate pigment is exposed at the air/surface interface. 

Table 4.7 Elemental surface composition of unweathered coil coatings determined by XPS 

analysis 

Sample C/ 0/ N/ Na/ Ca/ Si/ Pb / 

At. % At. % At. % At. % At. % At. % At. % 

BP-B 76.67 19.72 1.51 - 0.35 1.75 - 
BP-R 76.22 21.44 1.21 0.12 0.26 0.75 - 

BP-Y 75.82 20.86 1.61 0.28 0.50 0.89 0.04 
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The SEM surface images of the BP-B and BP-Y coatings are shown in Fig. 4.9a and b 

respectively (the SEM image of BP-R coating showing similar features is illustrated in 

appendix). The BP-Y coating surface is found to be rougher with more angular features 

than the BP-B coating surface. This may be due to the high pigmentation used in the 

BP-Y coating. The raised features are also observed. The results are relatively 

consistent with previous findings. However the surface irregularity of BP-Y coating is 

less than BTY coating which could be due to the pigment wetting ability of the resin. 

30ym 

(a) Surface micrograph of BP-B coating 

30Nm 

(b) Surface micrograph of BP-Y coating 
Figure 4.9 SEM surface images of the BP-B (a) and BP-Y (b) coatings 
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4.3.2.2 Characterisation of the Unwashed Weathered Coil Coatings 

The elemental surface composition for the weathered but unwashed BP coatings is 

shown in table 4.8. The results are also similar to that observed from BT coatings. The 

dramatic increase in 0 and decrease in C surface compositions comparing to the 

unweathered coatings suggests the surface degradation arising from the 

photo-oxidation and hydrolysis degradation. It is also observed that the surface 

composition of C in the Unwashed BP coatings (table 4.8) is slightly less than that in 

the Unwashed BT coatings while the Unwashed BP coatings show more 0 surface 

composition than the Unwashed BT coatings. A possible explanation is that as the 

aromatic resin (BP) is less durable to the UV induced photo-oxidation when compared 

with the cyclohexane resin (BT); more BP polyester resins were oxidised during the 

exposure. Moreover, as observed from table 4.8, the surface compositions of Si, Al and 

Mg are higher in the Unwashed (UW) BP coatings; this may also indicate that the 

more 0 surface composition observed is due to more dirt were attached to the BP 

coating surface during the weathering process. More Ti and Fe are found from the 

BP-B-UW and BP-R-UW coatings respectively as the Ti and Fe are the main pigments 

employed in the BP-B and BP-R coating formulations. Due to the same reason, the 

Pb/Cr and Cu are only observed from BP-Y-UW and BP-B-UW coatings respectively. 

Differences between the surface composition of BP and BT coatings are also observed. 

It is previously found (table 4.4) that the BT-B-UW coating surface contains the least 

dirt (Si, Al and Mg) and most Ti (2.4 At. %) and N (3.7 At. %); however, the BP-B-UW 

coating surface shows no reduction of dirt, slightly increased amount of Ti (0.8 At. %) 

and N (2.7 At. %) comparing to the rest coatings. This observation is very likely due to 

the amount of the titanium dioxide employed in the BP coating formulation (6.9 wt. %) 

is less than that employed in the BT coating formulation (11.4 wt. %). Thus, less 

titanium dioxide chalking effect occurred on the BP-B coating surface during the 

weathering process when compared to the BT -B coating surface. Thus, the coating 

surface chalking is strongly affected by the amount of titanium dioxide pigment 

incorporated in the coating. 
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Table 4.8 Elemental surface composition of weathered but unwashed coil coatings determined 

by XPS 

Sample c/ 0/ N/ Na / Ca / Si / Al / 

(UW) At. % At. % At. % At. % At. % At. % At. % 

BP-B 29.4 51.2 3.0 1.1 - 8.1 4.0 

BP-R 28.4 52.3 2.6 1.1 0.8 8.3 4.5 

BP-Y 34.0 49.0 2.3 0.4 0.5 7.8 4.5 

(Continued) 

Sample Mg / Ti / Fe / Pb / Cr/ Cu / 

(UW) At. % At. % At. % At. % At. % At. % 

BP-B 0.5 O's 0.9 --U. 1 

BP-R 0.5 0.4 1.2 --- 

BP-Y 0.1 0.6 - 0.8 O1O -1 

The surface morphological features of the BP-B-UW and BP-Y-UW coatings are 

shown in Figs. 4.10a and b respectively (the SEM image of the BP-R-UW coating 

showing similar features is illustrated in appendix). The surface features are found to 

be similar to the previous observations (unwashed BT coatings); the BP-B and BP-Y 

coating surfaces are primarily covered by dirt that is observed as angular features with 

greater sizes. 
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(a) Surface morphology of BP-B-UW coating 
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(b) Surface morphology of BP-Y-UW coating 
Figure 4.10 SEM surface images of the BP-B-UW (a) and BP-Y-UW (b) coatings 

4.3.2.3 Characterisation of the Washed Weathered Coil Coatings 

The surface elemental composition of the washed (W) BP coatings is shown in table 

4.9. It can be generally observed that the surface composition of the washed BP 

coatings is quite similar to that observed previously from the washed BT coatings. 

Certain amount of dirt (Si, Al and Mg) has been removed from the coating surface 

resulting in exposure of more binder resins (C, 0 and N). Moreover, more Cr is found 

from the BP-Y-W coating surface; it suggests more lead chromate pigment is exposed 

after the washing process. However, less Ti and Fe are found from the BP-B-W and 

BP-R-W coating surfaces; this indicates the pigment particles are removed together 

with dirt during the washing process. It is also observed that the BP-B-W coating 

surface contains the most N but least dirt (Si, Al and Mg) when compared to the 

BP-R-W and BP-Y-W coatings. This finding is consistent with previous findings and 

suggests more binder resin and/or melamine cross-linker are revealed on the BP-B-W 

coating surface; this is primarily due to the Ti02 chalking effect. However, there is still 

less N and more dirt found from the BP-B-W coating surface when compared to the 

BT-B-W coating surface (table 4.5); this could be due to less titanium dioxide pigment 

being incorporated in the BP-B coating (6.9wt. %) when compared to the BT -B coating 

(11.4wt. %). It indicates the surface chalking is essentially a function of the quantity of 
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titanium dioxide pigment used; the previous conclusion is reinforced. Less Fe is found 

from the BP-R-W coating surface when compared to that of the BT-R-W coating; this 

is due to less iron oxide pigment is incorporated in the BP-R coating formulation. 

Table 4.9 Elemental surface composition of weathered and washed coatings surfaces 
determined by XPS 

Sample C/ 0/ N/ Na / Ca/ Si / Al/ 

(W) At. % At. % At. % At. % At. % At. % At. % 

BP-B 39.4 44.3 4.1 0.5 0.3 5.6 3.5 

BP-R 38.8 46.1 2.7 0.4 0.5 6.3 3.4 

BP-Y 41.2 44.3 2.5 0.2 0.6 5.8 3.2 

(Continued) 

Sample Mg / Ti / Fe / Pb / Cr / Cu / 

(W) At. % At. % At. % At. % At. % At. % 

BP-B 0.3 0.7 0.7 --0.2 

BP-R 0.3 0.3 0.7 --- 

BP-Y 0.3 0.4 0.6 0.1 0.6 - 

The surface and bulk analyses of the BP-B-W, BP-R-W and BP-Y-W coatings are 

shown in Figs. 4.11,4.12 and 4.13 respectively. It is observed from Fig. 4.1 ]a that the 

BP-B-W coating surface is unevenly degraded; pits and holes with small particles are 

clearly observed. The other regions on the surface are fairly "clean" with nearly no 

particles. This observation is again very well correlated to the previous results (Fig. 

4.5a) and suggests the dirt and pigment particles in the major regions on the BP-B-W 

coating surface are removed by the washing process. The bottom of the pits and holes 

with lower heights are difficult to be reached during the washing; therefore, pigment 

and dirt particles can be still observed. 

On the other hand, the bulk chemistry changes determined by PA-FTIR (Fig. 4.11b) 

show the increase of hydroxyl (3600-2500cm ') and carbonyl (1730cm-') groups and 

decrease of melamine (1550cm-') band. This observation suggests the BP-B-W coating 
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generally undergoes photo-oxidation and hydrolysis degradation (the bands at 

1600cm-' and 1580cm-1 in Fig. 4.1 lb that are not present in the PA-FTIR spectra of the 

BT coatings originate from the aromatic structure). 
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(b) PA-FTIR bulk analysis of the BP-B-W coating 
Figure 4.11 Surface (a) and bulk analyses (b) of the BP-B-W coating 
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The surface feature of BP-R-W coating is similar to that observed from the BT-R-W 

coating (Fig. 4.12a). It is also found that the BP-R-W coating surface is less rough and 

more evenly degraded comparing to the BP-B-W surface. This is primarily due to the 
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BP-R coating formulation contains minor titanium dioxide pigment resulting in less 

chalking effect occurring during the weathering exposure. The PA-FTIR spectral 

features of the BP-R-W coating is quite similar to that observed from the BP-B-W 

coating (Fig. 4.12b) and suggests the coating is not significantly degraded. 
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(b) PA-FTIR bulk analysis of the BP-R-W coating 
Figure 4.12 Surface (a) and bulk analyses (b) of the BP-R-W coating 

ý 

The SEM surface image of the BP-Y-W coating is shown in Fig. 4.13a. The 

observation is generally similar to that observed from the BP-R-W coating surface (Fig. 
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4.12a). It suggests that the BP-Y-W coating surface is more evenly degraded than the 

BP-B-W coating surface. However, the PA-FTIR spectra shown in Fig. 4.13b suggest 

significant degradation occurring in the bulk of BP-Y-W coating during the weathering 

process. This observation is consistent with the previous findings (Fig. 4.7c) and 

indicates although the BP-Y-W coating surface appears to be more evenly degraded 

than the BP-B-W coating surface; the bulk of BP-Y-W coating is actually more 

degraded. It also suggests the lead chromate is more likely to promote the bulk 

degradation in coatings. 
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Figure 4.13 Surface (a) and bulk analyses (b) of the BP-Y-W coating 
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Overall, the results obtained from the washed BP coatings are found consistent with 

previous findings (BT coatings). It suggests the titanium dioxide incorporated in the 

coating is very likely to lead to the uneven surface degradation due to its chalking 

effect (i. e., photoactivity of Ti02 particle). On the other hand, the lead chromate is 

found to be more likely to promote the bulk degradation in deeper part of the coating. 

4.3.3 Bulk Characterisation of the BT and BP Coatings 

The traditional DE/GR% and PA-FTIR quantification analyses of the BT and BP 

coatings after weathering are shown here to illustrate the comparison of durability of 

the BP and BT polyester resin systems. 

It is observed from Fig. 4.14a that the change of colour in the yellow coatings (BT -Y 

and BP-Y) after weathering is more significant than the other coatings. The red 

coatings (BT -R and BP-R) show the least colour change after the weathering. The 

weathered coatings generally show less colour change after washing as most of the 

loose dirt attached on the surface is removed. Moreover, the coatings based on the BT 

resin system show more colour change than the BP coatings. It can be concluded that 

the significant colour change observed from the yellow samples must be due to more 

degradation occurring in the coatings during the weathering process. Moreover, as the 

colour of coil coatings is associated mainly with the pigment, it is clear that the 

pigment is also changing in colour during the weathering. This is not unusual for lead 

chromate pigment. Remarkably DE is also observed from the blue coatings; this is 

primarily due to the Ti02 chalking effect. Furthermore, the most significant difference 

in DE of coatings before and after washing is observed from the BT-B-W and 

BT-B-UW samples. The DE value drops dramatically after the washing process. This 

observation correlates to the previous SEM/AFM and XPS analyses very well and 

suggests that most of the loose dirt and Ti02 pigment are removed from the weathered 

BP-B coating surface, which results in a "cleaner" surface when compared to the other 

washed coatings. 
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The GR% data shown in Fig. 4.14b generally shows more changes in the BT coatings. 

This also indicates the BT coating system demonstrates worse durability than BP 

coating system after 2 years Hainan exposure. Coatings show better gloss performance 

after washing; this is again due to the removal of loose dirt. Both the BP and BT blue 

coatings show lower GR%; moreover, the lowest GR% is found in the BT-B-UW 

coating. This observation is consistent with the blue coating surface morphology 

(SEMIAFM); the uneven appearance must be caused by the weathering process. It is 

also found that the correlation between the GR% and XPS/AFM/SEM surface analyses 

is quite good; that is due to the Ti02 chalking effect, the blue coating surfaces are more 

easily to be roughened (especially for the BT -B coating that with higher Ti02 

pigmentation), which results in lower GR%, more resin exposed (XPS) and more holes 

and pits observed (AFM/SEM). 
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(d) Degradation of melamine group in the coatings 
Figure 4.14 DE (a), GR% (b) and PA-FTIR quantification (c and d) analyses of the BT and BP 

coatings after 2 years exposure in Hainan 

The quantification of the formation of hydroxyl and decomposition of melamine 

groups in PA-FTIR spectra is shown in Figs. 4.41c and d respectively. The 

quantification follows the methods introduced in chapter 3. It is then observed that the 

yellow coatings show more hydroxyl groups and melamine degradation. The BT YW 

coating shows approximately 250% more hydroxyl groups than the unexposed BT -Y 

coating; moreover, the results shown in appendix also suggests the higher hydroxyl 

group intensity observed is not simply due to the absorption of moisture/water. Thus, it 

indicates the lead chromate pigment incorporated in the yellow coating must catalyse 

the coating degradation. The blue and red coatings show relatively similar features. 

This observation suggests the Ti02 has less impact on the bulk degradation in coating. 

The BT coating system generally shows worse durability than the BP system; minor 

differences are observed from the washed and unwashed coatings. Thus, the washing 

process is found to only affect the coating surface features. 
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It can be summarised from the above results that the DE and GR% data can be well 

correlated to the surface analyses such as XPS and AFM/SEM. This suggests the DE 

and GR% measurements generally present the surface chemical and/or physical 

changes. However, note that the DE correlation may not be very reliable as colour of 

coil coatings are usually related to the pigment incorporated in the formulation. The 

correlation of the PA-FTIR and GR%/DE is poor as the former shows more about the 

chemistry changes in the bulk of coatings. The BP resin system performs generally 

better than the high UV durable BT coating system, this may be due to the lower Tg 

(-25°) of BT resin system that BP (-30°). As the annual average temperature in 

Hainan is around 25°, the BT coatings are generally in rubbery state during the 

exposure (Maxted, 2004). The higher mobility of molecules in BT coating system may 

lead to more water permeation and rapid moisture-enhanced degradation. It can be also 

derived from the results shown in Figs. 4.14b and c that the lead chromate and titanium 

dioxide pigments are very likely to catalyse the bulk and surface degradation in 

coatings respectively. Therefore, the increased moisture permeation due to the lower Tg 

of BT resin system may also promote the lead chromate/titanium dioxide catalysed 

degradation. 
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4.4 Conclusions 

The coatings based on BT and BP resin systems that have been exposed in Hainan for 

2 years are characterised using various spectroscopic techniques. Both of the surface 

and bulk properties of each coating before and after weathering were analysed. It is 

primarily found that the coating surface morphology and chemistry are very likely to 

be affected by the types and quantity of pigment employed in the formulation (e. g. 

titanium dioxide). It is also found that the degradation in the bulk of coating can be 

catalysed by the pigment used (e. g. lead chromate). The possible mechanisms of lead 

chromate and titanium dioxide catalysed degradation are also proposed. Although the 

BT is theoretically more UV durable than the BP resins, the lower Tg of BT resin may 

be responsible for the observation of more degradation in the coatings exposed in 

Hainan with high temperature and humidity. Thus, the harsh environmental condition 

may also cause the rapid coating degradation and failures of the high durable resin 

system. 

As the pigment employed in the coating formulation is found to have a significant 

impact on the coating durability, especially when coatings are exposed in harsh 

environment with high temperature, humidity and UV radiation (e. g. Hainan) for long 

period; extensive work were carried out to investigate the effects of pigments and 

environmental conditions on coating durability; the results are shown and discussed in 

the following chapters. 
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5 Investigations on the Effect of Weathering Condition, 

Pigment and HALS on Polyester/Melamine Coil Coating 

Durability 

5.1 Introduction 

As discussed in chapter 4, the high durability resin system (aliphatic polyester) 

performs worse than the normal resin system (aromatic polyester) in Hainan. The 

different gloss retention results of the various colours indicated that the pigment 

incorporated in the formulation may accelerate the coating degradation. To confirm 

these hypotheses and find out the reasons why high durability resin system fails in 

Hainan, China; further investigations were carried out, the results are discussed in this 

chapter. Coatings based on the same high durability resin system (BeckryTech) as that 

employed in the BT Hainan samples (analysed in chapter 4) were prepared. Each 

coating contained only one main pigment. A Hindered Amine Light Stabiliser (HALS) 

was also included in the coating formulation to investigate whether or not it helps to 

improve the coating durability. The effects of HALS and pigments on the coating 

durability were investigated and will be reported in this chapter. 

Florida exposure has long been taken as the reference weathering test site for organic 

coatings; it was found that the coating performance determined by Florida exposure 

was a reasonable predictor of performance in less extreme places. However, the 

Florida exposure usually takes years to view remarkable degradation and changes in 

the coatings. For many years, coating researchers have had a tendency to use the 

accelerated weathering methods such as EMMAQUA and QUV to gain the knowledge 

of coating performance and degradation mechanism in a short period (usually weeks to 

a few months). But the relationship between accelerated and natural weathering tests is 

still not very satisfactory (Gebhard et al., 2006). The coatings employed in this work 

were weathered in both natural (Florida exposure) and artificially accelerated 
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(EMMAQUA and QUV-A) weathering conditions with the aim of investigating the 

coating degradation under different weathering conditions. 

5.2 Experimental 

Materials and Methods: 

All samples tested and interrogated in this chapter were based on the BeckryTech resin 

system (aliphatic polyester) and prepared following the standard coil coating 

laboratory simulation methods as mentioned in chapter 4. Different pigments were 

incorporated in these coil coatings in order to find out their effects on the coil coating 

durability. The sample details are summarised in table 5.1. As two series of samples 

CW9205-CW9232 (exposed in year 2006) and CW9233-CW9250 (exposed in year 

2007) were exposed separately, hence differences in coating degradation may arise as 

the exposure conditions may be different for years 2006 and 2007. Therefore, clear 

coatings were exposed twice (CW9228-CW9232 in 2006; CW9446-CW9450 in 2007); 

the degradation of clear coat was then taken as the reference when comparing the 

degradation in the pigmented coatings. 

The Horna yellow and Solipur yellow pigments are both based on lead chromate but 

the former has been stabilised by a layer of silicate coating surrounding the pigment 

particles. The white and red pigments are based on the titanium dioxide and iron oxide. 

The organic red and copper blue pigments are based on quinacridone red and copper 

phthalocyanine respectively. All of the pigments used here are consistent with the ones 

used previously in chapter 4. 
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Table 5.1 Sample information 

Sample Pigmentation (wt%)a HALS (wt%) 

CW9205-07 Horna Yellow (21.1) + Solipur Yellow (21.1) + 

Titanium Dioxide (2.7) + Black (0.3) 

0-0.8b 

CW9210 Horna Yellow (42.2) 0 

CW9211-15 Horna Yellow (42.2) + Black (0.3) 0-0.8 

CW9216 Solipur Yellow (42.2) 0 

CW9217-21 Solipur Yellow (42.2); Black (0.3) 0-0.8 

CW9222 Titanium Dioxide (42.2) 0 

CW9223-27 Titanium Dioxide (42.2); Black (0.3) 0-0.8 

CW9228-32 N/A 0-0.8 

CW9433-34 Copper Blue (7.7%) 0 

0.4 

CW9435-39 Copper Blue (7.7) + Titanium Dioxide (11.4) 0-0.8 

CW9440-41 Iron Oxide (21.3) + Titanium Dioxide (0.7) 0 

0.4 

CW9442-45 Iron Oxide (21.3) + Organic Red (0.4) + 

Titanium Dioxide (0.7) 

0-0.8` 

CW9446-50 N/A 0-0.8 

aWt%: weight percentage of the pigment in the cured solid coating 
bHALS was added in coatings (CW9205-CW9207) with 0.2 wt% increment (e. g. CW9205 has no HALS; 

CW9206 has 0.2wt% HALS) 

`No 0.6wt% HALS was added in coatings (i. e., samples CW9442-CW9445 has 0,0.2,0.4,0.8 wt% of 

HALS respectively) 

Weathering Methods 

Generally, the weathering methods for samples (CW9205-CW9250) were natural 

exposure in Florida and accelerating weathering using EMMAQUA and QUV-A for 

certain durations. Panels exposed in Florida were mounted facing South at an angle of 

5° to the horizontal for one year. The general weathering condition in Florida is 

summarised in table 5.2. 
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Table 5.2 Weathering condition in Florida, USA (Maxted, 2004) 

Exposure Site Miami, Florida, USA 

Location 25° N, 80° W 

Altitude (Above the sea level) 10 metres 

Average Annual High Temperature 34°C 

Average Annual Low Temperature 13°C 

Average Annual Relative Humidity 78% 

Total Solar Radiation @26°S tilt 6500 longleys 

Total UV Radiation @26°S tilt 280MJ/m2/year 

Annual Rainfall 1685 mm/year 

EMMAQUA exposure method was carried out on racks that faced South at an angle of 

45° and tracked the sun from East to West during each day. Mirrors were used to 

concentrate the sun light and the panels were sprayed with water every hour for 12 

minutes in an effort to introduce the moisture. The duration of EMMAQUA exposure 

depends upon the Total UV Radiation Dosage (TUVR) required. The TUVR for this 

current investigation is 840MJ/m2 that is equivalent to approximately three years 

Florida exposure (280MJ/m2 year). 

QUV-A testing involved the exposure to light from fluorescent tubes each with peak 

irradiance at 340nm for 8 hours each 12 hour cycle. The temperature was maintained at 

60°C. During the dark period the panels were subjected to a moist environment at a 

temperature of 50°C so that water condensation appeared on the panels. 

An unexposed sample of each shade was also retained to compare with the weathered 

samples. The details of the weathering exposure of samples CW9205-CW9232 are 

provided in Table 5.3. 
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Table 5.3 Weathering exposures employed for coil coatings CW9205-50 (. the sample has 
been exposed in the corresponding weathering condition; osample not available/exposed; 
CW9205-32 were prepared and exposed in 2006 and are also termed as series 1 samples; 
CW9233-50 were prepared and exposed in 2007 and are also termed'as series 2 samples) 

Sample Florida (1 Year) EMMAQUA (840MJ) QUV-Aa 

CW9205b " " " 

CW9206 " 0 0 

CW9207 " 0 0 

CW9208 " 0 0 

CW9209 " o 0 

CW9210 " " " 

CW9211 " " " 

CW9212 " 0 0 

CW9213 " 0 0 

CW9214 " 0 0 

CW9215 " 0 " 

CW9216 " " " 

CW9217 " " " 

CW9218 " 0 0 

CW9219 " 0 0 

CW9220 " 0 0 

CW9221 " 0 " 

CW9222 " " " 

CW9223 " " " 

CW9224 " 0 0 

CW9225 " 0 0 

CW9226 " 0 0 

CW9227 " 0 " 

CW9228 " " " 

CW9229 " 0 0 
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CW9230 

CW9231 

CW9232 

CW9433 

CW9434 

CW9435b 

CW9436 

CW9437b 

CW9438 

CW9439 

CW9440 

CW9441 

CW9442b 

CW9443 

CW9444b 

CW9445 

CW9446 

CW9447 

CW9448 

CW9449 

CW9450 

"O 

"O 

"0 

o" 

o" 

"" 

o" 

"" 

0" 

O" 

O" 

" 0 

"" 

o" 

"" 

O" 

O" 

0" 

o" 

o" 

0 " 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

" 

0 

0 

0 

0 

0 

0 

" 

0 

0 

"Samples were exposed in QUV-A cabinet for 500,1000,2000,2500, and 3000 hours respectively 
bSamples exposed in Florida for 1,2,4,13, and 26 weeks respectively 

PA-FTIR, SSPA-FTIR and CRM Instrumentation: 

The PA-FTIR spectra acquisition and SSPA-FTIR depth profiling analysis were based 

on the same FTIR instrumentation as that employed in chapter 4. The CRM spectra 

collection was performed using 100% laser power (300mW) and 320 scans if not 

specified. The CRM depth profiling and surface mapping analyses were based on the 

same methods as mentioned in previous chapters. 
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Gloss Retention and colour change measurements: 

The gloss retention (GR%) and colour change (DE) measures follow the standard 

procedures demonstrated in chapter 4. 

Light reflectance instrumentation: 

The light reflectance of standard coil coatings was measured using the UVNis/NIR 

Perkin Elmer Lambda 950 with integrating sphere (Massachusetts, USA). The specula 

reflectivity was directly measured for each of the coating at a spectral range of 300 to 

2500nm. Every reflectance value at 5nm intervals was baseline corrected against a 

100% and 0% reference value. (Note this measurement was accomplished by Becker 

Industrial Coatings according to standard ASTM E903. ) 

5.3 Results and Discussion 

5.3.1 PA-FTIR and SSPA-FTIR Characterisation 

5.3.1.1 QUV-A Exposure 

The durability of series 1 coil coating samples (table 5.3) after QUV-A exposure, as 

determined by colour change (DE), gloss retention (GR%) and PA-FTIR 

(quantification of the hydroxyl and melamine bands) measurements is shown in Fig. 

5.1. The DE and GR% data shows the changes of the coating appearance after QUV-A 

exposure while the PA-FTIR analysis shows the bulk chemistry changes. 

It is observed from Fig. 5.1 (a) that DE generally increases with QUV-A exposure time. 

All of the samples with HALS show better colour performance (i. e., the least DE). The 

coatings with black pigment show less DE compared to those without the black 

pigment or HALS. Moreover, it is also found that the yellow coatings generally show 

more changes in colour than the white coatings; the clear coatings show few changes 

in colour as no pigment was incorporated in their formulations. As the bulk of the 

coating colour originates from the pigment employed, the different DE of the yellow 

and white coatings observed must be due to the colour stability of pigments. It is 
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known that the lead chromate pigments usually darken on exposure to light and their 

light stability can be improved by surface treatment with such materials as silica, 

alumina, etc. (Abel, 1999). Thus, the significant DE observed from the yellow coatings 

after QUV-A exposure is very likely to be due to the poor colour stability of the lead 

chromate pigment. Furthermore, comparing DE of the two yellow coatings, the one 

with Solipur yellow lead chromate performs even worse than the one with Horna 

yellow lead chromate pigment. This observation may be due to the improved colour 

durability of Horna yellow pigment that with silica surface treatment. The Solipur 

yellow pigment with no surface treatment shows the most significant DE as it is more 

sensitive to the light when compared to the Horna yellow pigment. The white coating 

shows relatively low DE as the titanium dioxide white pigment generally shows good 

colour stability (Abel, 1999). The lower DE observed from the coatings with black 

pigment is possibly due to the original colours of these coatings being darker than the 

ones without the black pigment; it may be irrelevant to the coating weatherability. The 

added HALS reduces the free radical attacks to the organic matrix and pigment and 

may leads to better coating performance as observed in Fig. 5.1 (a). 

The GR% of the coatings after QUV-A exposure is shown in Fig. 5.1 (b). It is observed 

that the GR% decreases with the QUV-A exposure; this is due to the coating 

degradation near the surface region being proportional to the total UV light absorbed. 

Similar to the DE shown in Fig. 5.1 (a), the coatings with HALS show better durability 

(more GR%); the clear coating shows the highest GR%. However in contrast to DE the 

HALS is more effective in every case. Thus, colour changes are not normally driven by 

a radical mechanism only; the darkening of pigment particles is partially responsible 

for the change of colour on the coating surface. The GR% that governed by surface 

erosion is mainly driven by radical mechanisms. Furthermore, the black pigment does 

not seem to be affecting the coating durability; the white coating shows the worst 

durability with the lowest GR%. As previously reported, the coating surface is very 

likely to be roughened by the adventitious contaminates, binder resin degradation and 

pigment particles exposure on the coating surfaces (Biggs et a!., 2001; Yang et al., 
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2003). However, the observation of the lowest GR% from the white coating must be 

primarily due to the pigment and/or the binder degradation as the QUV-A cabinet 

prevents most of the adventitious contaminates from accumulating on the surface. As 

discussed in chapter 4, the titanium dioxide pigment is very likely to show a chalking 

effect when exposed to the UV light. Therefore, the surface of the white coating with 

relatively high titanium dioxide pigmentation can be easily roughened through the 

chalking process which leads to holes being formed after the chalking of the titanium 

dioxide pigment particles have become dislodged. The high UV sensitivity of the 

titanium dioxide particle despite stabilisation with inorganic coatings leads to the most 

free radical attacks on the binder resin that also result in a rougher surface, this is also 

in good agreement with previous findings (Bauer et a!., 1992). The lead chromates, on 

the other hand, are less potent radical generators which results in higher GR% value. 

The HALS in coatings performs as the radical scavenger that protects both of the 

pigment and binder resin from the free radical attacks, therefore the GR% value of the 

coatings with HALS is higher than those without. 
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CW9205 CW9210 . CW9211 CW9215 CW9216 " CW9217 
CW9221 CW9222 " CW9223 CW9227 CVV9228 --- CW9232 
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(a) Colour change (DE) against time 
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(b) Gloss retention (GR%) against time 
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(d) Decrease of melamine band intensity in PA-FTIR spectra against time 

Figure 5.1 Analyses of the degradation of QUV-A samples (DE (a), GR% (b), OH% (c) and 
MEL% (d) values plot at 500,1000,1500,2000,2500 and 3000 hours) 
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The PA-FTIR quantification in this chapter is based on the same method as introduced 

in chapter 3. The increase of the hydroxyl group (-OH) and decrease of melamine C-N 

group are used to monitor the degree of photo-oxidation and hydrolysis of the 

polyester and melamine cross-linker in the coil coating. It is observed generally from 

Fig. 5.1 (c) that the amount of hydroxyl group increases with the exposure time; this 

observation suggests the photo-induced and hydrolytic attacks are generally 

proportional to the QUV-A exposure time. Moreover, it is observed the clear coat 

shows the most significant increase of hydroxyl groups ('-800%) comparing to the 

other coatings (-95% to -135%). Therefore, it is very likely that the pigment 

incorporated in the coating system helps to restrict the light from penetrating into the 

coating and protects the coating even just at the surface; on the other hand, the light is 

absorbed throughout the entire clear coating thickness that leads to more 

photo-induced radical attacks. 

It is observed from the hydroxyl group quantification graph of the pigmented coatings 

in Fig. 5.1 (c) that the samples with the black pigment generally show more 

degradation than the ones without the black pigment. In order to find out the effect of 

the black pigment on the coating durability, the light reflection analyses of some 

selected samples were shown in table 5.4. It is then observed that the coatings with the 

black pigment show significant reduction in the reflection of the visible, near infrared 

and the total wavelengths except for the CW9223 sample which also shows significant 

reduction in the UV reflectance when compared to the CW9222 sample. Therefore, the 

different durability of samples with/without the black pigment is very likely to be due 

to the different light reflectance observed in table 5.4. The increased light absorption 

may result in the increase of temperature in coatings (with the black pigment) that 

leads to more absorption of moisture and accelerating hydrolytic degradation (Foster et 

al., 2004; Lowe et al., 2005). 

It is observed in Fig. 5.1 (c) that the CW9223 sample shows the higher hydroxyl value 

than the other pigmented coatings; this may be due to the UV reflection of the 
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CW9223 sample is significant reduced comparing to that of the CW9222 sample (table 

5.4). The increased UV absorption in CW9223 sample may also result in more 

photo-induced degradation when compared to that of the CW9222 sample especially 

for the photosensitive Ti02. It is also observed that the yellow samples show more 

hydroxyl group than the white sample. As discussed in chapter 4, the photo-activity of 

titanium dioxide pigment may lead to more photo-induced attack on the coatings and 

results in more degradation. However, the hydroxyl quantification data shown in Fig. 

5.1 (c) shows inverse results in that the white coating performing the least hydroxyl 

group. One possible explanation is that the lead chromate pigment promotes the 

hydrolytic degradation in the coating more rapidly than the titanium dioxide pigment 

via a non radical attacks mechanism. This observation can be also well correlated to 

the similar observation in chapter 4. 

All the samples with 0.8wt% HALS show less hydroxyl group; this is again due to the 

radical scavenger function of HALS. The clear coat (CW9232) sample shows the least 

hydroxyl group before 2500 hours QUV-A exposure. The HALS seems to be the most 

effective in the clear coat (the most significant radical attacks is observed in the 

CW9228 sample) but it may be exhausted after 2500 hours resulting in the increasing 

rate of hydroxyl group production. The pigmented samples (with HALS) all show 

more hydroxyl groups production before 2500 hours comparing to the clear coat 

(CW9232); moreover, yellow samples (CW9215, CW9221) show more hydroxyl 

groups than white sample (CW9227). This may be again due to the lead chromate 

hydrolysis and the titanium dioxide photolysis effects that lead to accelerated coating 

degradation even when HALS is added. It is also found the hydroxyl group 

quantification results can not be correlated to the DE or GR% data. This finding is 

consistent with the previously investigations (chapter 4) and suggests the DE or GR% 

are more related to the coating surface changes while the PA-FTIR analysis reflects 

more the bulk chemistry changes in the coatings. 
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The melamine PA-FTIR quantification is shown in Fig. 5.1 (d); the features are 

generally similar to those observed in Fig. 5.1 (c). The clear coat (CW9228) shows the 

most melamine degradation, while the clear coat with 0.8wt% of HALS (CW9232) 

shows the least melamine degradation. The coatings with black pigment degrade more 

than the ones without black pigment. However, it is observed from Fig. 5.1 (d) that the 

melamine in the white coatings degrades more than that in the yellow coatings. 

Moreover, the white coating with 0.8wt% of HALS (CW9227) degrades more than the 

other coatings with HALS. This is different from the results observed in Fig. 5.1 (c); a 

possible explanation is the titanium dioxide pigment in the white coating is more likely 

to accelerate the photo-induced radical attack to the melamine cross-linker. Therefore, 

it is found the pigment in coil coating is very likely to affect the coating durability and 

lead to the accelerated degradation of different organic groups in the coating. It is also 

observed that the melamine quantification graph can be only roughly correlated to the 

GR% graph. This may due to the cross-linker degradation in the coil coatings may lead 

to the cross-linking network collapse and exposure of pigment particles; thus the 

coating surface is roughened with the lost of gloss. This finding is also in good 

agreement with the previous works (Wernstähl, 1996). The above data suggest the 

attack on melamine is primarily radical induced. Production of OH occurs both via 

radical attacks and non radical hydrolysis mechanisms depending upon pigmentation. 

Moreover, the degradation mechanism in the clear coat is found to be primarily 

photo-induced and/or hydrolytic radical attacks as it is observed that the HALS being 

the most effective in the CW9232 (0.8wt% HALS) coating. The higher degradation 

observed from the pigmented coatings (with HALS) may originate from varies 

catalytic properties of the pigment (e. g. lead chromate and titanium dioxide promotes 

polyester hydrolysis and melamine decomposition respectively). 

Although the bulk chemistry analysis shown in Fig. 5.1 (c) and (d) cannot be well 

correlated to the DE and GR% measurements shown in Fig. 5.1 (a) and (b); all of data 

suggest that the pigmented coatings perform a higher degradation rate at the initial 

stage of QUV-A exposure (0 to 500 hours) comparing to the degradation after 500 
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hours. This observation may be due to the rate of free radical formation is faster when 

the coating is initially exposed to the UV and moisture environment; the coating 

degradation rate decreases after long time exposure as most of sensitive organic groups 

are depleted. This investigation is also found to be well correlated to previous works 

(Decker and Zahouily, 1999; Nguyen et al., 2002 and 2003). The clear coat, on the 

other hand performs different degradation rate from the pigmented coatings. It is 

observed from Fig. 5.1(c) that the rate of hydroxyl group formation in the clear coat is 

fairly a constant before 2500 hours QUV-A exposure; the melamine degradation rate 

(Fig. 5.1d) decreases only after 2000 hours QUV-A exposure. This may be again due to 

the transparency of the clear coat. As the light could be absorbed throughout the entire 

clear coating thickness, more radicals were formed during the QUV-A exposure. For 

the case of pigmented coatings, the pigment employed not only reflects back a large 

portion of light but also absorbs a certain quantity of light energy and protects the UV 

induced radical formation in the coatings. Moreover, the degradation in the pigmented 

coatings might be only significant near the surface region; the deeper layers were well 

protected. Although the DE and GR% data of the clear coat seen in Figs. 5.1 (a) and (b) 

shows similar trends with those of the pigmented coatings, this cannot be correlated to 

the coating chemistry changes as no pigment is employed in the clear coat. 

Table 5.4 Light reflectance measurement of selected coil coatings 

Reflectance CW9210 CW9211 CW9216 CW9217 CW9222 CW9223 

Total (%)° 48.29 24.8 51.97 29.37 73.99 29.37 

UV (%)b 4.1 4.26 4.23 4.24 11.72 4.24 

VIS (%)` 43.9 23.67 45.29 28.23 83.63 29.23 

NIR (%)d 53.76 26.66 59.37 31.47 69.77 31.47 

'Full light spectra; bUltra violet wavelength; `Visible light wavelength; dNear infrared wavelength 

Fig. 5.2 shows some selected PA-FTIR spectra of the clear coat after different QUV-A 

exposure time. Similar to the method developed in chapter 3, the hydrocarbon (CH) 

bands are selected as the spectra internal reference when comparing the intensity of the 

other bands such as hydroxyl (OH), carbonyl (C=O) and melamine (C-N). The spectra 
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for all the other pigmented coatings are not shown here as their features are quite 

similar. The OH and melamine band regions are shown in Figs. 5.2 (a) and (b) 

respectively; whilst Fig. 5.2 (c) shows the melamine ring and side chain degradation. 

The CH bands 2940cm'/2856cm"' and 1450cm-' are taken as the reference for spectral 

regions 4000cm' - 2000cm' (OH) and 2000cm-1 - 800cm-' (melamine) respectively. 
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(c) PA-FTIR spectra showing the degradation of melamine ring (815cm-1) and side groups 
(914cm") respectively 

Figure 5.2 Selected PA-FTIR spectra of the clear coat after QUV-A exposure (one spectrum of 
EMMAQUA sample is also included in (a) and (b) to compare with the clear coat degradation 

after QUV-A exposure; detailed IR band assignment can be found in Appendix II) 

It is clearly observed from Fig. 5.1 (a) that the OH group intensity increases with the 

QUV-A exposure time, this is primarily due to the hydrolysis degradation of the 

polyester and/or melamine-polyester linkage. Fig. 5.1 (b) shows increasing intensity at 

around 1800cm"' and 1700cm"'; the bands in this spectral region can be assigned to the 

anhydride and/or carbonyl groups that are formed through photo-oxidation attack 

(usually Norrish type I and II reactions (Sanders, 1999)) at the polyester chains. It is 

also observed from Fig. 5.2 (b) that the intensity of melamine band (1550cm"1) 

decreases, while the intensity of amide/amine band (1650cm1) increases. This 

observation suggests the melamine cross-linker is degraded through the UV induced 

radical attack that results in the formation of amide/amine group. However, as the band 

1550cm-' is a combination of melamine ring and side chain C-N stretching, the 

decreased intensity of this band may be due to either the melamine ring or side chain 

degradations. The weak band at around 1070cm-' with decreased intensity after 

QUV-A exposure as observed in Fig. 5.1 (b) suggests the degradation of residual 

methoxy groups (O-CH3) attached to the melamine ring; this is mainly due to the 
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UV induced radical attack. The lower wavenumber region (1000cm"' - 800cm") is 

shown in Fig. 5.2 (c); it illustrates the degradation of melamine ring (814cm') and side 

chain (-CH2-O- at 879cm' and -O-CH3 at 913cm'). It is observed that when the 

melamine side chains are badly degraded, the melamine ring intensity is still relatively 

strong. In other words, the melamine ring is much more stable than the melamine side 

groups; moreover, the decreasing intensity of band 1550cm' must be primarily due to 

the melamine side chain degradation rather than the melamine ring degradation. To 

assist the above discussion, a schematic diagram shown below in Fig. 5.3 is proposed 

to describe the degradation mechanisms derived from the PA-FTIR spectra shown in 

Fig. 5.2; similar mechanisms can also be found elsewhere (Sanders, 1999; Delon-ne 

and Lemaire, 1996). 

Hydrolysis Degradation: 

Melamine: 

Mechanism of the loss of residual methoxy group (913cm-') and increase of 

hydroxyl group (3700cm" - 3000 cm -1) 

HH 
ii 

ýN-C-O-CH3 + H20 ý-ý 
NH 

N Fi H 

Ný />-N-C-OH + CH3OH 
ýN 

H 

Increase of hydroxyl group at band position 3700cm"1 - 3000 cm-1 

HH 
/-" II 

N /}-N-C-O-PE + H20 

NH 
ý>-NI-6-OH + PE-OH 
NH 

Polyester (PE): 

Increase of hydroxyl group at band position 3700cm '- 3000 cm-1 

0 11 
-c-0-c- + H20 

O 
11 

-C-O-H + HO-C- 

(a) Hydrolysis of melamine-polyester linkage, residual methoxy group attached to the melamine 

ring, and polyester 

=N HH 

147 



Effect of Weathering Condition, 

Photo-induced radical attack 
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Polyester: 

Increase of hydroxyl group (3700cm"' to 3000cm-'), acid group (3700cm-1 to 3000 

cm-1 ; 1730cm-') and anhydride groups (1850cm ' to 1750cm ) 

Polyester Chains 
Alcohol Groups - OH hv 

02 
Acid Groups -COOH 

Anhydride Groups -C-O-C- 
O0 

(b) Photo-induced degradation of melamine ring/side groups and polyester 
Figure 5.3 Schematic diagrams of the possible degradation mechanisms of 

polyester/melamine coil coatings (PE: polyester; r02: peroxide radical; radicals) 

The PA-FTIR analysis of series 2 samples after QUV-A exposures is shown in Fig. 5.4. 

Generally, the observations from series 2 QUV-A exposures are in good correlation 

with previous findings. 
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(a) PA-FTIR spectra of blue samples after 4000 hours QUV-A exposure 

149 



Elect of Weathering Condition, Pigment and HALS on Coil Coating Durability 

13- 

12- 

CW9444QW-A-1500Nrs 
14 -C. " y440-Q W-A-4000Hrs 

11- 

1o- 

Iý 
l 

Ij 

A 

I 
ý 

'°°4*ýP 
3000 

i' iv !, ýý, 
h it 

I t 1; I! ý (, 1 , ýt 
ý 

IiIr 
ýI I'' , i I, j 

l 

, 

I 

2500 2000 1500 1000 

Wavenumbers (cm-1) 
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(c) PA-FTIR spectra of dear coating after 1500 and 4000 hours QUV-A exposure (CW9446: no 

HALS; CW9450: 0.8wt% HALS) 

Figure 5.4 PA-FTIR spectra of some selected series 2 samples after QUV-A exposure 

As shown in Fig. 5.4a, the blue coating with titanium dioxide pigment 

(CW9435/CW9437) shows more degradation than the one with only blue pigment 

(CW9433/CW9434); the coating with HALS shows better durability. The red coatings 

show better durability than the blue coatings as less titanium dioxide pigment is 

i 
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incorporated in the red coating formulations; moreover, the pink pigment in the full red 

coating (CW9442) does not affect the coating durability. However, as shown in Fig. 

5.4b, the CW9440 coating (iron oxide + titanium dioxide with no HALS) shows quite 

different feature from the other red coatings. The degradation in CW9440 is faster at 

1500 hours QUV-A exposure but no significant difference is observed between 1500 

and 4000 hours QUV-A exposure. It is quite possible that the iron oxide pigment 

promotes the hydrolytic degradation of polyester in the initial stages; however, its 

catalytic property may be inhibited after certain duration. The clear coating without 

HALS (CW9446) still shows the worst durability, as observed in Fig. 5.4c. The HALS 

added in the clear coating (CW9450) significantly reduced the coating degradation. 

Moreover, it is also found that there is no remarkable improvement in the durability of 

the coating with 0.4wt%, 0.6wt% and 0.8wt% HALS. In other words, 0.4wt% HALS is 

already enough to effectively stabilise the clear coating from degradation. The red and 

blue coatings with HALS perform better durability than the ones without HALS; but 

their durability is not as good as the clear coating with HALS. Therefore, it can be 

concluded from the PA-FTIR analyses of the series 2 QUV-A samples that the pigment 

in coating can catalyse degradation. 

5.3.1.2 Florida Exposure 

The weathering performances of series 1 sample after 1 year Florida exposure, as 

determined by PA-FTIR, are shown in Fig 5.5. The amount of hydroxyl group 

(3700cm-' - 3000 cm-I), melamine (1550cm-1) and amine/amide group (1630-1650 

cm') are calculated using the developed quantification method (chapter 3) and shown 

in Fig. 5.5(a), (b) and (c) respectively. 
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(a) Increase of hydroxyl group after Florida 1 year exposure 

(b) Melamine (1550cm) degradation after Florida 1 year exposure 

(c) Formation of amide/amine groups after Florida 1 year exposure 
Figure 5.5 PA-FTIR quantification analyses of series 1 samples (Florida 1 year exposure) 
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It is observed from the hydroxyl group quantification chart shown in Fig. 5.5(a) that 

the clear coat (CW9228) degrades the most; however, after adding HALS, the clear 

coat (CW9232) shows the best durability among all of the samples. The Horna yellow 

(CW9210) and white (CW9222) coatings show quite similar quantity of hydroxyl 

group formation, the Solipur yellow coating (CW9216) show approximately 10-40% 

less hydroxyl group. Moreover, for all the pigmented coatings, the ones with black 

pigment show more degradation and HALS helps to stabilise the coating degradation. 

It is also found that the HALS is the most effective in stabilising coating degradation in 

the clear coat; this observation suggests the pigment may catalyse the coating 

degradation (titanium dioxide photo-catalytic and lead chromate oxidisation-catalytic 

properties). Those findings are generally in good correlation with the QUV-A results. 

However, the more OH observed from the Horna yellow (CW9210, CW9211, 

CW9215) and white coatings (CW9222, CW9223) after both the QUV-A and Florida 

exposures suggest that the SiO2 coating surrounding the Horna yellow pigment and 

titanium dioxide pigment particles is very likely to catalyse the coating hydrolysis that 

results in more binder resin degradation (silica coatings on the Horna yellow and 

titanium dioxide pigment particles are usually applied to serve as the acid resistance 

and photo stabilisation pre-treatment). This can be possibly explained by an acid based 

catalytic mechanism. As previously studied by XPS and IGC (inverse gas 

chromatography) (Perruchot et al., 2004), the silica coating surrounding the pigment 

particles perform acid based property. The acidic silica may then enhance the 

hydrolysis of binder resin and results in more degradation occurring in the coating. 

The melamine degradation chart in Fig. 5.5(b) suggests the melamine crosslinker in the 

coating degrades the most in the white coating with black pigment (CW9223). The 

clear coat shows similar melamine degradation to the white coating (C W9222) but 

more degradation than the yellow coatings. In general as with QUV-A, the coatings 

with black pigment all demonstrate worse durability and HALS helps to stabilise 

coating degradation. The amine/amide group quantification chart in Fig. 5.5(c) shows 

very similar features with those observed in Fig. 5.5(b); this may be due to the 
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melamine/polyester crosslinkage degradation being directly linked with the formation 

of amine/amide groups as present in the proposed coating degradation mechanism in 

Fig. 5.3. It is also observed from Fig. 5.5(c) that the clear coat (CW9228) has 

approximately 10% more amine/amide group than the white coating (CW9222); this is 

different from that observed in Fig. 5.5(b) and may be partially due to the data error 

(the measurement of amine/amide group is based on the base line rather than a real 

band). Alternatively, it is also quite possible that more amide groups are formed in the 

clear coat as the formation of amide only results in the C-O bond cleavage rather than 

the C-N bond. 

In summary, the trend observed from the hydroxyl group quantification after 1 year 

Florida exposure is quite similar to that observed from the QUV-A exposure. However, 

the degradation of the melamine band observed in Fig. 5.5(b) shows a very different 

trend from that observed from QUV-A results shown in Fig. 5.2(b). For example, the 

highest melamine degradation is observed in the white coating (CW9222) and white 

coating with black pigment (CW9223) after 1 year Florida exposure while the clear 

coat (CW9228) shows the highest melamine degradation after QUV-A 3000 hours 

exposure. This observation is very likely to be due to the actual duration of weathering 

(the QUV-A and Florida exposures were carried out for 3000 hours and 1 year 

respectively). As QUV-A exposure uses higher UV light intensity, the clear coat is 

rapidly degraded as the degradation mechanism (Fig. 5.3) is accelerated. However, as 

the pigment in coatings reflects back a large portion of light energy; the pigmented 

coatings are effectively stabilised against the UV induced degradation leading to less 

coating degradation. Moreover, as the QUV-A exposure duration is relatively short, the 

degradative effect of the pigment on the coating durability may not be fully active. On 

the other hand, as the UV light intensity in Florida is much lower that that in QUV-A 

cabinet; the clear coating degradation is significantly reduced when compared to the 

QUV-A results. However, due to the long exposure duration and the permanent high 

humidity in Florida, these conditions may promote the pigment catalytic properties or 

just increase the permeability of water. The pigmented coatings show more changes in 
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the formation of hydroxyl group and melamine degradation when compared to the 

QUV-A exposure. The results therefore indicate that the pigment in coatings may 

require a certain time period to become active which catalyses the coating degradation. 

As observed in Fig. 5.5(b), the white coating displays even more melamine 

degradation than the clear coat after 1 year Florida exposure; this suggests that the 

white coating degradation is promoted by a combination effect that is the ever present 

humidity in combination with the Ti02 increases the photo-enhanced hydrolysis effect, 

a phenomenon that is suppressed slightly in the clear coat. Moreover, it can be also 

derived from Figs. 5.5(a) and (b) that the melamine is more susceptible to the free 

radicals than the polyester as the extent of melamine degradation (Fig. 5.5b) is found 

to be more significant than that of hydrolysis degradation (Fig. 5.5a) in the white 

coating. 

The PA-FTIR spectra of the clear coats with different concentration of HALS after I 

year Florida exposure are shown in Fig. 5.6a (OH) and b (melamine). 
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Figure 5.6 PA-FTIR spectra of the dear coatings after 1 year Florida exposure 

Figs. 5.6a and 5.6b generally illustrate similar spectral features as those observed from 

QUV-A results (Figs. 5.2a and 5.2b). The CW9228 (no HALS) Florida 1 year sample 

shows similar degradation with the CW9228 QUV-A 500 hours exposure. It is also 

found that the HALS added in the clear coating helps to stabilise the coating against 

the natural weathering. The sample CW9229 (0.2wt% HALS) demonstrates a few 

spectral changes; whilst the samples CW9230, CW9231 and CW9232 show nearly no 

changes. This observation indicates the addition of 0.4wt% HALS is already sufficient 

to stabilise the coating against I year Florida exposure. This investigation is also in 

good agreement with previous QUV-A results. The pigmented coatings (after 1 year 

Florida exposure) with different concentration of HALS generally show similar 

spectral features with the clear coatings, thus their spectra are not shown here. 

The PA-FTIR quantification charts of selected series 2 samples (CW9435/9437 and 

CW9442/9444) exposed in Florida for different durations are shown in Fig. 5.7 

(CW9205 is the only sample of series 1 group that has been exposed for different 

durations in Florida). It is important to note that the yellow coating CW9205 is 

exposed separately from the rest series samples in Fig. 5.7 (different time/season); 
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therefore, the degradation level of CW9205 is very different from the rest series 2 

coatings. This also suggests the different seasons (i. e., weathering conditions) of 

Florida may lead to significant different coating degradation. 

Florida Exposure 
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(a) PA-FTIR quantification of the hydroxyl group in coatings after Florida exposure 
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(b) PA-FTIR quantification of the melamine degradation in coatings after Florida exposure 
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Florida Exposure 
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(c) PA-FTIR quantification of the formation of Amine groups in coatings after Florida exposure 
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(d) GR% chart of the red and blue coatings 
Figure 5.7 PA-FTIR quantification and Gloss Retention (GR%) charts of coatings after Florida 

exposure (1 week to 6 months) 

It is observed from Fig. 5.7a that the intensity of the hydroxyl band in the PA-FTIR 

spectra increases with the exposure time. HALS helps to reduce the coating 

degradation. Moreover, the coatings all show faster degradation in the initial exposure 

stage (1 -5 weeks); the coating degradation rate is significantly reduced after 

approximately 13 weeks exposure. This indicates the degradation at the initial stage is 

--&-C'Ju9433 -f- CV'J943? P CW9442 
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much faster; when most of the weak linkages and sensitive groups in coating are 

attacked by the radicals, the degradation shows down. It is also observed that the 

CW9442/CW9444 (red) sample shows significantly more hydroxyl groups after 

Florida exposure when compared to the CW9435/CW9437 (blue+white) sample; it 

suggests the iron oxide pigment incorporated in the coating may catalyse the 

hydrolysis and/or oxidation degradations. When the red coatings with iron oxide 

pigment are exposed in the humid environment, especially after the rain fall, the 

dissolved iron oxide pigment produces Fe 3+ irons which may oxidise the organic 

binder resin in coating. This may explain why red coatings show significant more 

hydroxyl group after Florida exposure than the blue coatings that are based on the 

same resin system and exposure conditions. However, this hypothesis has not been 

confirmed yet in this work. 

It is observed from Fig. 5.7a that the hydroxyl groups in the CW9442 coating (red) 

increases from -117% to -119% from 13 weeks to 26 weeks; whilst the hydroxyl 

group in the CW9435 coating (blue+white) increases from -42% to -62%. This 

observation indicates the hydrolytic/oxidation degradation of the red coating is fast 

only within 13 weeks' exposure. After that, the formation of hydroxyl groups in the red 

coating slows down dramatically. This observation is also in good correlation with 

QUV-A results (CW9440) and suggests the iron oxide catalytic property may be either 

short-lived or inhibited after certain exposure durations. Recalling the observation in 

chapter 4; the increase of hydroxyl group in the red coating is much less than that in 

the yellow coatings after 2 years Hainan exposure. Therefore, the hydroxyl group 

formation in the BT-R-306W/UW sample (red) might be fast during the first 3 months 

Hainan exposure and slowed down to a steady stage with less increase of hydroxyl 

group within the remaining 21 months' Hainan exposure. Moreover, the overall 

increase of hydroxyl group in the BT R-306W/UW sample after 2 years Hainan 

exposure is approximately 100%, which is very close to that obtained from the red 

coating (CW9442) after 3 months Florida exposure (110%). It is also reasonable to 

observe that less degradation in the BT-R-306W/UW sample would occur as it 
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contains 0.4wt% HALS whereas the CW9442 coating has no HALS. This hypothesis 

(i. e., iron oxide pigment only catalyses coating degradation within the initial exposure 

period) will be confirmed when the 2 years Florida exposure of CW9442 (red) coating 

is finished in 2009. 

The melamine degradation of the red and blue coatings is shown in Fig. 5.7b. The 

observations are generally in good correlation with previous findings (i. e., the 

melamine degradation increases with exposure time, HALS help to stabilise the 

melamine against the radical induced degradation). It is also observed that all coatings 

show increasing melamine band intensity in the PA-FTIR spectra after 1 to 2 weeks 

Florida exposure; the CW9435 (blue+white, no HALS) coating even shows inverse 

melamine degradation at 4 weeks Florida exposure. A possible explanation is the 

melamine migration towards the coating surface region as many previous 

investigations suggest that free melamine molecules are able to migrate towards the 

coating surface region that results in surface melamine enrichment (Hirayama and 

Urban, 1992). As the sampling depth at 1550cm" (melamine band) using PA-FTIR is 

approximately 10-12µm; the PA-FTIR is not analysing the entire coating thickness 

(20µm). Moreover, the shorter duration of Florida exposure may not lead to 

significant melamine degradation in the coating; the melamine migration towards the 

coating surface may occur in the mean time and results in more melamine being 

detected with in a depth of 10-12µm. This also indicates free melamine that is 

unreacted during the curing process has certain mobility in the coating system. The 

melamine band intensity in spectra of CW9205, CW9437, CW9442 and CW9444 

starts decreasing after 4 weeks exposure (for the CW9435, the melamine band intensity 

decreases after 13 weeks exposure); this observation may be due to the fact that most 

of possible mobile melamine molecules have already migrated to the coating surface 

region during the first 4 weeks exposure and more radicals are formed after that 

causing reduction of the overall melamine values as observed in Fig. 5.7b. Moreover, 

the GR% data show in Fig. 5.7d is generally in agreement with this observation; the 

gloss of coating increases after 1-2 weeks exposure and decreases after 4 weeks 

exposure. 
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Another observation from Fig. 5.7b is that in the initial exposure stage, the CW9442 

(red coating without HALS) shows more melamine degradation than the CW9435 

coating (blue+white, no HALS); but after 13 weeks exposure, more degradation is 

observed in the CW9435 coating. As the primary pigment in the CW9435 coating is 

titanium dioxide, the above observation is very likely due to the photo-catalytic 

property of titanium dioxide pigment. This is also in agreement with the previous 

QUV-A results (i. e., more hydroxyl group in red coating; more melamine degradation 

in blue+white coating). However, the CW9435 does not show the reduction of 

melamine until after 13 weeks but shows higher degradation rate after that; this may 

imply that the titanium dioxide pigment requires certain duration to become 

photo-active. It is quite possible that as commercial titanium dioxide pigment is 

usually coated by an incomplete thin silica or alumina coating to stabilise the titanium 

dioxide particles (Perruchot et al., 2004), the titanium dioxide particles may be 

effectively stabilised within a certain period (e. g., 4 weeks). When the out-layer 

coating is degraded, titanium dioxide core will be exposed leading to the increasing 

melamine degradation rate. Also, if took 4 weeks melamine degradation% value as 

zero, the melamine degradation rate is then found to be constantly rapid (i. e., linear 

relationship with exposure time). This observation may suggest the melamine 

decomposition actually started after 4 weeks exposure, but due to the fact that more 

free melamine molecules had migrated towards the surface region, the overall 

melamine degradation% value still remains negative until 13 weeks exposure. 

It is observed from Fig. 5.7d that the GR% data shows minor difference among the 

coatings. This is primarily due to the melamine degradation in all coatings after 6 

months Florida exposure being insignificant and may not lead to remarkable 

differences in GR% of coatings. Moreover, it suggests that the chemical changes occur 

long before the coating surfaces become physically degraded. 

The amide/amine quantification chart shown in Fig. 5.7c generally suggests the 

formation of amide/amine group increases with exposure time; the degradation is faster 
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for the first 13 weeks and then slows down to a steady stage with minor increment 

from 13 to 26 weeks. The red coatings (CW9442/9444) shows more amide/amine 

group than the blue coatings (CW9435/9437); HALS helps to reduce the generation of 

amide/amine group in the coating. As the CW9435 (blue+white, no HALS) coating 

shows more melamine degradation than the CW9442 (red, no HALS) coating (Fig. 

5.7b), CW9435 should theoretically present more increase of amine groups following 

the proposed degradation mechanisms shown in Fig. 5.3. However, the observation of 

more amine/amide groups and less melamine degradation in the CW9442 coating 

comparing to the CW9435 coating may suggest more melamine side chain C-O 

cleavage occurred in the CW9442 coating during the exposure. Thus, it can be 

predicted that more amine groups will be observed in the CW9435 coating after 6 

months Florida exposure as the titanium dioxide particles may become active after 4 

weeks exposure leading to significant coating degradation. This hypothesis can be 

confirmed when the blue coatings with longer Florida exposure (e. g. 1 year) time is 

ready. 

It is also observed from Fig. 5.7b and c that the amine/amide% value is much more 

than the melamine degradation% value in coatings after the same Florida exposure 

time length. A possible explanation is that the amine/amide groups are formed 

following the melamine/polyester linkages decomposition rather than the melamine 

side chain C-N bond cleavage; therefore, when significant amount of 

melamine/polyester linkages are degraded (more increase of amine/amide group), only 

minor melamine side chain C-N groups are affected (less melamine degradation%). 

This observation is also in good agreement with the previous results (Fig. 5.5) and 

reinforces the proposed degradation mechanisms shown in Fig. 5.3 which suggests the 

melamine/polyester linkages decomposition occurs before melamine side chain C-N 

cleavage (i. e. melamine side chain C-N bond is more stable than the 

melamine/polyester linkages). 

The SSPA-FTIR depth profiling of the CW9435 coating after I week to 6 months 

Florida exposure is shown in Fig. 5.8. The quantification of the hydroxyl group 
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formation and melamine degradation in coating follows the same methods as 

introduced in chapter 3. The depth profiling result shown in Fig. 5.8 is generally in 

good agreement with previous findings (chapters 3 and 4) that is more degradation 

occurs near the surface region. It is also observed from Fig. 5.8a that the degradation 

near the coating surface (6µm) is approximately 15% more than that in the deeper 

layers (18µm) after 2 weeks exposure while this difference becomes approximately 

40% after 6 months exposure. Cleary, the coating surface regions are much more 

degraded during the weathering process that is possibly due to higher humidity and UV 

light intensity near the coating surface region. 
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Figure 5.8 SSPA-FTIR depth profiling of the CW9435 coating after Florida exposure (1 week to 

6 months) 
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The melamine degradation depth profile as determined by SSPA-FTIR is shown in Fig. 

5.8b. The inverse melamine degradation value is observed again. The maximum 

melamine value (- -1.5%) after I week and 2 weeks exposure is observed at an IR 

sampling depth of 12p. m while the melamine value at a sampling depth of 18µm 

becomes approximately -0.5% (the coating thickness is expected as 20-25µm); it 

suggests more melamine at a depth of approximately 12µm from the coating surface 

but less melamine at both the coating surface (6µm) and bottom (18-25µm) regions. 

The lower melamine value at a depth of 6-9µm may be due to more degradation occurs 

at the coating surface region. Thus, a possible explanation of lower melamine value at 

the bottom region of the coating (18-25µm) is that the melamine molecules have 

migrated from deeper part of the coating (18-25µm) towards coating surfaces 

(0-12µm); the previous speculation about the migration of free melamine molecules is 

reinforced. 

As the sampling depth of PA-FTIR in this work is approximately 12µm and 7µm for 

the melamine and hydroxyl groups band positions, the quantification (014% and 

MEL%) data obtained with PA-FTIR is compared with that obtained using SSPA-FTIR 

with 800Hz and 250Hz modulation frequencies (sampling depth '6µm and 12µm 

respectively) to calibrate the accuracy of the techniques as well as the quantification 

methods employed; the results are summarised in table 5.5. For example, the 011% and 

MEL% quantification for CW9435 coating after 6 months exposure are approximately 

62% and 2.1% respectively, as determined by PA-FTIR; the results obtained using 

SSPA-FTIR are 56% and 2.3% respectively. Therefore, it is found that the 

quantification data obtained using the two techniques correlates to each other very well 

(i. e., the SSPA-FTIR and PA-FTIR quantification is demonstrated to be relatively 

accurate). As the sampling depth of PA-FTIR in the mid-IR range is not homogenous 

(7µm at 4000cm' and 21µm at 400cm') the OH (3600cm''-2600cm') and melamine 

(1550cm1) bands are actually originated from different sampling depths from the 

reference hydrocarbon bands selected (3000-2800cm' and 1450cm" for OH% and 

MEL% quantification respectively); minor differences in OH% and MEL% values 
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obtained using PA-FTIR and SSPA-FTIR as observed from table 5.5 may arise from 

this. 

Table 5.5 OH% and MEL% values obtained from PA-FTIR and SSPA-FTIR quantification 

Quantification 1 week 2 weeks 4 weeks 13 weeks 26 weeks 

OH% (PA-FTIR) 18% 19% 37% 42% 62% 

OH% (SSPA-FTIR) 15% 17% 35% 52% 56% 

MEL% (PA-FTIR) -1.2% -1.3% -1.1% 0.2% 2.1% 

MEL% (SSPA-FTIR) -1.2% -1.2% 0.1% 0.8% 2.3% 

5.3.1.3 EMMAQUA Exposure 

The PA-FTIR quantification analysis of the hydroxyl and melamine groups in series 1 

coating after EMMAQUA exposure is shown in Figs. 5.9a and 5.9b respectively. The 

results are generally in good agreement with previous findings; the clear coating 

degrades the most that is followed by the coatings with the black pigment, the 

pigmented coatings without the black pigment perform better durability. However, it is 

observed that the hydroxyl group formation and melamine degradation in all of the 

pigmented coatings are similar; this is different from the previous observations (the 

white coating shows significant more melamine degradation than both the Solipur and 

Homa yellow coatings; the Solipur and Horna yellow coatings show more hydroxyl 

groups formations than the white coating). As discussed previously, the wet 

environment promotes the lead chromate catalytic property that results in more 

hydroxyl group formation in the yellow coatings after Florida and QUV-A exposures; 

whist the combination of high UV and moisture environment promotes the 

photo-activity of titanium dioxide pigment that leads to more melamine degradation in 

the white coatings. Due to the nature of EMMAQUA exposure, the coating is generally 

exposed in a dry environment as the high intensity of sunlight exposure on the coating 

is very likely to increase the coating surface temperature and evaporate the water 

sprayed on the coating during the daytime. The catalytic property of the pigment may 

be effectively inhibited when the environmental condition is dry. It is also observed 

that the coatings generally shows more degradation after EMMAQUA exposure when 
165 



Effect of Weathering Condition, Pigment and HALS on Coil Coating Durability 

compared to the Florida 1 year exposure, this is primarily due to the total energies 

exposed on the coating are approximately 840MJ/m2 and 280MJ/m2 for EMMAQUA 

and Florida 1 year exposures respectively. The higher intensity of sunlight employed in 

the EMMAQUA exposure leads to more degradation in the coating. 
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(a) Increase of hydroxyl group in the series 1 EMMAQUA samples 
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(b) Melamine degradation in the series 1 EMMAQUA samples 
Figure 5.9 PA-FTIR quantification of the series 1 EMMAQUA samples 

Because of the conditions and exposure durations of the different methods, the coating 

performance obtained from QUV-A, EMMAQUA and Florida 1 year exposure cannot 

be compared directly. In order to obtain the effect of different environmental 

conditions on the coating durability, a new method is introduced here. Firstly, as clear 
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coat contains no pigment, its degradation is assumed to be only a function of the 

environmental condition (e. g., UV light and moisture). The second assumption made is 

that the degradation of pigmented coatings is influenced by a combination effect of the 

environmental condition as well as the pigment catalytic properties. Thus, the 

degradation in clear coat exposed in different conditions (e. g., QUV-A, Florida, 

EMMAQUA) is taken as the reference (i. e., organic binder resin degradation in coil 

coating, that is only caused by the environment); the ratio of the degradation in 

pigmented coating to that in the clear coating is then calculated, using equation (5.1) to 

present the relative coating degradation (RatioRetar, ve, i. e., the OH% and MEL% values 

of the pigmented coatings normalised by those of the clear coatings) in different 

environment. This normalisation method is believed to minimise the effect of 

weathering conditions but highlight the effect of pigment on coating durability. A very 

different result is then observed in Fig. 5.10; for example, although the overall 

degradation of the CW9210 (Horna yellow) coating exposed in Florida for 1 year 

(-84% for OH% and -3% for MEL%) is much lower than that exposed in QUV-A for 

3000 hours (-113% for OH% and 4.5% for MEL), the RatioRetat, ve for Florida I year 

sample is actually more significant than that for QUV-A 3000 hours sample after 

normalisation using equation (5.1). 

RatioP, gmenred RatioRe, 
O1Ve = Equation (5.1) 

Ratio(lear 

Where, RatioRe1Q,,,, e 
is the relative coating degradation; Ratio pigmented is the OH% or 

MEL% values for the pigmented coatings after exposures; Ratiocyear is the OH% or 

MEL% values for the clear coating after the same weathering exposures. 
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(a) The formation of hydroxyl groups (Ration for OH%) 
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(b) Melamine degradation (RatioR918f" for MEL%) 
Figure 5.10 Relative coating degradation (RatioR,,,,,,, e) of samples exposed in different 

weathering conditions 

It can be generally concluded from the QUV-A 3000 hours, EMMAQUA and Florida I 

year results that the clear coating degrades the most in QUV-A 3000 hours followed by 

EMMAQUA that is similar to QUV A 2000 hours exposure (Fig. 5.2). The best 

durability observed is from Florida 1 year samples (clear coat) as the total UV light 

intensity is much lower than that in QUV-A 3000 hours and EMMAQUA exposure. 

However, the results shown in Fig. 5.10 illustrate an inverse observation. The 

pigmented coatings degrade the most after 1 year Florida exposure, which is followed 
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by EMMAQUA; the QUV-A-3000 hours samples show the least relative degradation 

(for the clear coat, QUV-A-3000 hours > EMMAQUA > Florida 1 year). 

The CW9126, CW9217 and CW9222 coatings show more melamine degradation (Fig. 

5.10b) after QUV-A 3000 hours exposure when compared to the EMMAQUA results. 

This different observation may be due to the errors during the data processing. It can 

be concluded that the environmental condition in Florida is more likely to activate the 

pigment's catalytic property leading to more coating degradation. A possible 

explanation is that the frequent rain fall and pollutants (such as acid rain) in the natural 

environment is more likely to cause the pigment-induced degradation in the coatings, 

possibly by another mechanism in addition to the normal radical hypothesis. For 

example, as previously demonstrated in chapter 4, the solubility of lead chromate 

increases with the acidity of aqueous environment, and titanium dioxide also needs 

water to produce radicals; the activity of pigment may be well inhibited in the dry 

environment (e. g., EMMAQUA exposure). Moreover, as the pigment induced 

degradation may be relatively slow, the pigment effect may be also time dependent. 

This may explain why Florida 1 year samples show more relative degradation (the 

pigment is subjected to not only a harsh but also continuous environment, i. e., 1 year 

with UV light and moisture to catalyse coating degradation. 

It is also observed that the melamine degrades the most in the white coating exposed in 

Florida; this observation suggests that melamine is more susceptible to radical attack in 

the coating system as Ti02 causes more radical formation in the white coating. There is 

no real difference of melamine degradation observed from Homa and Solipur yellow 

coatings after Florida exposure. However, it is observed from QUV-A and 

EMMAQUA exposures that Horna yellow coating shows similar melamine 

degradation to the white coating but more than Solipur yellow coating. This may be 

due to the silica coating surrounding both of the Horna yellow and titanium dioxide 

pigments that cause accelerated radial attacks to the melamine crosslinker. But the 

mechanism of silica catalysed property is unclear here. 
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The EMMAQUA results for the series 2 coatings (red, blue and clear) are shown in Fig. 

5.11. The increase of hydroxyl group (Fig. 5.11a) and melamine degradation (Fig. 

5.1 lb) suggests the clear coat degrades the most while the red coatings degrade slightly 

more than the blue coatings; HALS helps to stabilise the coating. This observation may 

indicate that as the photo-activity of titanium dioxide that employed in the blue coating 

is inhibited due to the relatively dry environmental condition and short duration of 

EMMAQUA exposure. Moreover, the coatings containing 0.4wt%, 0.6wt% and 

0.8wt% HALS all show similar durability and which possibly indicates 0.4wt% HALS 

is enough to effectively stabilise coating from degradation. This observation is also in 

good agreement with the previous finding. As no clear coating was exposed with the 

red and blue coatings in Florida, the relative degradation charts are not available here. 

However, it can be generally observed that the EMMAQUA degradation is only 

slightly more than the degradation in the same coating exposed in Florida for 6 months; 

this indicates the relative degradation must be also higher in samples after Florida 

exposure. 

EMMAQUA Exposure 
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(a) The formation of hydroxyl groups 
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(b) Melamine degradation 
Figure 5.11 PA-FTIR quantification analysis of degradation in series 2 EMMAQUA samples 

Thus, the observation from the EMMAQUA exposure of the series 2 samples is 

generally in good agreement with the series 1 EMMAQUA samples and suggests the 

pigment has a strong influence on the coating durability especially for the case of long 

term natural exposure. 

5.3.2 CRM Characterisation 

As the Raman laser penetrates relatively shorter distances into the coating (1-2µm), the 

CRM analysis is taken as a surface sensitive technique here. The CRM analyses of 

three coatings that have been exposed in the QUV-A cabinet for different durations are 

shown in Fig. 5.12. As the melamine related band intensities (side chain C-N - 1550 

cm-'; residual methoxy - 910cm-' and 1385cm-) are all relative weak in the Raman 

spectra of the polyester/melamine coil coatings, no quantification is made here. 

It is observed from Fig. 5.12 that all three coatings show decreasing melamine ring 

(980cm-'), side chain C-N (1550cm-) and methoxy group (910cm-') band intensities 

and increasing amine/amide (1630cm"1) band intensities with QUV-A exposure time. 

This observation is in good agreement with the melamine degradation mechanism 
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proposed in Fig. 5.3. The CW9210 and CW9222 coatings both show more 

amine/amide groups when compared to the CW9228 coating exposed for the same 

QUV-A time; this observation indicates the lead chromate and titanium dioxide 

pigments are very likely to catalyse the coating degradation on the surface. This is in 

good agreement with that observed from the PA-FTIR analysis. It is also observed that 

the CW9222 sample presents the most melamine ring and side groups degradation; this 

is again due to the photo-activity of the titanium dioxide pigment. However, as 

observed from the PA-FTIR results (bulk chemistry analysis) the CW9228 coating 

performs more degradation than the CW9222 coating; the inverse result observed from 

CRM analysis suggests the titanium dioxide pigment is more likely to catalyse the 

coating degradation at the surface region and protect the deeper coating layer from 

degradation. The average degradation within approximately 10µm in the coating as 

determined by PA-FTIR suggests that the CW9228 has more degradation occurring in 

the deeper layers when compared to the CW9222 coating; this is due to the transparent 

nature of the clear coating. 

Another observation from Fig. 5.12 is that the melamine ring is more stable than the 

melamine side groups during the QUV-A exposure process. It is observed from the 

QUV-A 3000 hours spectra in Figs. 5.12b and 5.12c that the melamine ring intensity 

drops by approximately 1/3 while the methoxy group and melamine side chain C-N 

band regions show almost total degradation. This observation is in good correlation 

with the previous PA-FTIR analysis and supports the proposed melamine degradation 

mechanisms demonstrated before. 
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(c) CRM analysis of the CW9228 (Clear) coating 
Figure 5.12 CRM analyses of CW9210/22/28 coatings after QUV-A exposure (detailed Raman 

band assignment can be found in Appendix II) 

The CRM spectra of series I clear coating (CW9228) after EMMAQUA and Florida 

exposures are shown in Fig. 5.13a, it is generally observed that the coating degradation 

after Florida 1 year and EMMAQUA exposures is similar. The only difference 

observed is that the methoxy group (910cm"') in the clear coating degrades a little 

more after EMMAQUA exposure. However, as the total UV energy of the 

EMMAQUA exposure is approximately 3 times more than that of the Florida 1 year 

exposure, the similar degradation features observed in Fig. 5.13a must be due to the 

high moisture condition or pollutant enhanced degradation in Florida that catalysed the 

coating degradation during the weathering process. It could also possibly indicate that 

more than the radical mechanism is responsible for more degradation observed from 

Florida samples. 

The CRM spectra of series 2 clear coating (CW9446-CW9450) after EMMAQUA 

exposure are shown in Fig. 5.13b; it is observed that the coatings with HALS generally 

show better durability. Moreover, the clear coating (CW9447) with 0.2wt% HALS 

already demonstrates good weathering resistance and CW9448 with 0.4wt% HALS 

shows nearly no difference with CW9449 (0.6wt% HALS) or CW9450 (0.8wt% 
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HALS). This observation is also well correlated with the PA-FTIR analysis in Fig. 5.11 

and suggests 0.4wt% HALS is already enough to stabilise the coating against 

degradation. 

(a) CRM spectra of the clear coating (CW9228) after 1 year Florida and EMMAQUA exposure 
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(b) CRM spectra of the dear coating (CW9446-CW9450) after EMMAQUA exposure 
Figure 5.13 CRM spectra of dear coats after Florida and/or EMMAQUA exposures 

The CRM spectra of the CW9210 sample after Florida 1 year and EMMAQUA 

exposures are shown in Fig. 5.14b (note the band 980cm-' and 910cm"' are overlapped 
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with the pigment bands); an optical image of the CW92 10 coating after I year Florida 

exposure is also included in Fig. 5.14a. It is clearly observed from Fig. 5.14a that there 

are "resin" like particles and holes on the coating surfaces. CRM spectra taken at the 

`normal' regions in Fig. 5.14a show generally more amine/amide group (1630cm-I) and 

binder resin degradations (1400cm '- 1200cm-) than the spectra taken from the 

CW92 10 coating surface after EMMAQUA exposure. This observation again suggests 

that more degradation occurring at the surface region of CW9210 coating after Florida 

1 year exposure. It is very likely to be due to the moisture/pollutant/pigment enhanced 

degradation when the coatings are exposure in the natural environment. 

I 

Resin Particle 
Hole 

(a) Optical image of the CW921 0 surface after Florida 1 year exposure 
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(b) CRM spectra of the CW921 0 coating after Florida 1 year and EMMAQUA exposure 
(normallhole CRM spectra are taken at the normal/hole regions as shown in Fig. 5.14a) 

Figure 5.14 CRM analysis of CW9210 coating after 1 year Florida and EMMAQUA exposures 
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CRM spectra of the CW9222 coating after 1 year Florida and EMMAQUA exposures 

are shown in Fig. 5.15b; it is observed that more amine/amide groups but less 

melamine ring are found on the CW9222 coating surface after Florida 1 year exposure 

than that after EMMAQUA exposure. It is reasonable that there is more degradation 

can be observed from the sample exposed with EMMAQUA test method (higher UV 

intensity than the Florida exposure); however, the more amine/amide observed from 

the Florida 1 year sample indicates that the moisture/pollutant/pigment catalysed the 

melamine side chain degradation during the natural weathering process. 
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(b) CRM spectra of the CW9222 coating after Florida 1 year and EMMAQUA exposures 
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(c) CRM spectra collected at the particle and normal regions in Fig. 5.14a 
Figure 5.15 Florida 1 year and EMMAQUA exposure of the CW9222 coating 
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It can be also observed that the spectra features of CW9222-EMQ and CW92I0-EMQ 

samples are quite similar; whilst the CW9222-FL lyear and CW9210-FL 1 year 

samples show very different features in that CW9222-FL 1 year sample shows more 

amine/amide groups and CW9210-FL 1 year sample shows also considerable amount 

of amine/amide groups as well as significant polyester binder degradation. These 

observations again suggest that the coating degradation near the surface region is very 

likely to be affected by both of the weathering conditions and pigments incorporated in 

the coatings. For the reasons of long exposure duration, high humidity environment 

and acid rain; the pigmented coating shows more degradation when exposed in Florida. 

For the case of the clear coating (CW9228), the Florida 1 year and EMMAQUA 

degradations (Fig. 5.13a) are quite similar as there is no pigment in the coating 

formulation. Moreover, different pigments also perform different catalytic properties; 

for example, the lead chromate pigment in CW9210 is more likely to catalyse both the 

melamine and polyester degradation while the titanium dioxide tends to attack the 

melamine side groups. The Florida environmental conditions on the other hand, are 

very likely to enhance the pigment catalytic properties that lead to more coating 

degradation when compared to the EMMAQUA exposure. 
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Another observation from both Figs. 5.14 and 5.15 is that less degradation is observed 

from the holes observed from the optical images. A possible explanation is that the 

holes are formed after the removal of the out-most coating layer (i. e., pigment together 

with some highly degraded binder resin); the exposed under layer then shows better 

coating durability. Moreover, the spectra collected at the "resin particle" like region in 

the CW9222 coating (Fig. 5.15a) show more melamine ring band (980cm-') intensity 

(Fig. 5.15b) but less titanium dioxide pigment band (610 cm-1 and 445 cm-1) intensity 

(Fig. 5.15c). As the melamine ring band (980cm"1) is overlapped by the Horna yellow 

pigment band, whether or not the "resin like" particle in a different pigmented coating 

system performs a different chemical composition is unclear here. Therefore, a detailed 

investigation on the "resin like" particles as observed in Figs. 5.14a and 5.15a was 

carried out; the results are shown in chapter 8. 

5.4 Conclusions 

Two series of coil coatings were exposed in various environments with different 

exposure durations. In order to find out the effect of pigment on the coating durability, 

a series of clear coatings were exposed together with all of the pigmented coatings. It 

is primarily found that different pigment causes different effects in catalysing coating 

degradation. For example, the lead chromate yellow pigment is very likely to 

accelerate the chemical oxidation degradation while the titanium dioxide white 

pigment is more likely to induce radical attack on the melamine cross-linker in the 

coating. Moreover, although the Si02 coating surrounding the Homa yellow and 

titanium dioxide pigment particles serves as the acid etching resistance and photo 

stabilisation coatings respectively, it is also very likely to catalyse degradation in 

coatings with another mechanism (possibly acid based catalysed mechanism). The iron 

oxide pigment, on the other hand, tends to catalyse the coating degradation only in the 

initial stages; its catalytic property may be inhibited after long period weathering. 
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It is also found that the coating degradation and pigment's catalytic properties may be 

also related to environmental conditions that are the natural environments such as 

Florida may further catalyse the coating degradation via moisture enhanced 

degradation mechanism in combination with the pigment catalysed degradation 

mechanism. The accelerated pigment catalysed degradation may be firstly due to the 

overall length of the exposure in Florida which is much longer than the other exposure 

methods. This provides sufficient time for pigment to become photo/hydrolytic active. 

Although the total UV light intensity in both of QUV-A and EMMAQUA exposure is 

significantly higher than that in the Florida exposure, the pigment effect may not be 

fully active due to the short period of weathering exposure, and this is also may be a 

reason why the accelerated weathering methods are usually not very well correlated to 

the natural weathering. 

The PA-FTIR quantification methods are demonstrated to be suitable to gain 

knowledge of the coating degradation level against the exposure period. The only 

possible correlation was found to be the GR% and melamine degradation. The DE 

cannot be correlated to any of PA-FTIR and CRM bulk chemistry analysis. This is due 

to the DE being more related to the pigment on the coating surface rather than the bulk 

chemistry changes. It is also found from both of the PA-FTIR and CRM analysis in this 

chapter that when coatings are exposed, the melamine side group degradation is more 

rapid than the melamine ring itself; a polyester/melamine degradation mechanism is 

also proposed to explain the possible degradation path way of coatings. 
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6 Acid Etching Studies of Polyester/Melamine Coil Coating 

6.1 Introduction 

As world-wide air pollution becomes severe, it leads to more frequent acid rain falls 

that damage forests, aquatic life in rivers, man made structures, etc. Previous studies 

also show evidence of acid etching of melamine based coatings when exposed 

outdoors (Mori et al., 1999). It was also previously found that melamine formaldehyde 

compounds are very sensitive to acid solution (Berge and Mejdell, 2006). Moreover, 

improvements have also been made to enhance the acid etching resistance of coatings. 

For example, Lamers and co-workers found that the acid etching resistance of acrylic 

melamine clearcoats was improved through a UV radiation pre-treatment (Lamers et 

al., 1997). Although progress has been made to improve the acid etching resistance of 

polymer coatings, the current literature available still lack knowledge on the acid 

etching mechanisms and factors such as temperature, weather conditions and 

formulation characteristics that may affect the acid rain induced degradation in the 

coating. Most of previous acid etching studies of polymer coatings are based on 

laboratory simulation methods rather than natural weathering. This chapter will mainly 

discuss the effect of acid etching on polymer/melamine coil coating after the 

laboratory acid etching, the natural acid etching studies will be shown in Chapter 7. 

As previously demonstrated in chapters 4 and 5, the weathering condition (e. g. UV 

light intensity, humidity, temperature, air pollution, etc. ), has a significant impact on 

the polymer/melamine coil coating. It was previously observed that the coating 

degradation after natural weathering is more significant; this may be due to pollutants 

such as acid rain etching of the coating that catalyses the coating degradation. Several 

selected coil coating samples were laboratory etched by sulfuric acid at different 

temperatures for different time period. It was primarily found that the temperature had 

an impact on acid etching resistance of the coating; the degradation was much faster at 

181 



Acid Etching Studies of Coil Coating 

higher temperature (above Tg of the coatings). The pigment incorporated in the coating 

was also found to affect acid etching resistance of the coating. 

6.2 Experimental 

Materials: 

All samples were prepared following the standard coil coating procedures as 

demonstrated in chapter 4. The detailed sample information is provided in table 6.1. 

Note that the samples selected for acid etching are the same as those shown in table 5.1 

in chapter 5 apart from the red sample which was not part of the study demonstrated in 

chapter 5. 

Table 6.1 Sample Information 

Sample (Pigmentation/Colour) Name as appeared in table 5.1 

Clear CW9228 

White CW9222 

Horna Yellow CW9210 

Solipur Yellow CW9216 

Blue CW9433 

Blue+White C W9435 

Red N/A* 

Red+White CW9440 

This red coating is based on the same BT resin system with 15.9 wt% of iron oxide pigment. 

Acid Etching Methods: 

70 wt% sulphuric acid solutions were prepared using 99.8% purity sulphuric acid 

(Sigma-Aldrich, UK) with ultra-pure deionised water. Discs with 8mm diameter were 

punched out from the sample panel. A droplet of acid (70 wt%) was applied onto the 

disc that was maintained in an air-conditioned room at a temperature of 22°C for one 

hour. The sample after etching was washed with ultra-pure deionised water and dried 

in the air. Acid etchings at 30°C and 40°C were carried out in an oven for 15 minutes. 

A detailed acid etching procedure is also shown below in Fig. 6.1. 
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Figure 6.1 Schematic illustration of acid etching experiment carried out at 40°C 

PA-FTIR and CRM instrumentation: 

The instrumentation of PA-FTIR and CRM is the same as demonstrated in chapter 5. 

All of the optical images were recorded using the CRM instrument optical features. 
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6.3 Results and Discussion 

6.3.1 PA-FTIR Analysis (Bulk Chemistry Characterisation) 

The PA-FUR bulk chemistry analysis of the coatings before and after acid etching in 

different conditions (i. e., etching time and temperature) is shown in Figs. 6.2(a-g). 
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(b) Acid etching of the White coating 
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(g) Acid etching of the Red and White coating 
Figure 6.2 PA-FTIR characterisation of coatings before and after acid etching (STD coatings 

are the standard samples before acid etching; the etching temperature and time are as 
indicated in the figures) 

It is observed from Fig. 6.2a that there are no spectral changes between the standard 

clear coating and the clear coating after acid etching for 1 hour at 22°C. There are 

minor changes observed after acid etching for 15 minutes at 30°C; the hydroxyl 

(3400cm-1 to 3000cm-1) and amine (1630cm-I to 1650 cm-1) groups both show 

increasing band intensities. After etching at 40°C for 15 minutes, the clear coating 

shows significant degradation; the melamine (1550cm"I and 814cm-1) and its side 

groups (876cm-1 and 913cm"1) are badly damaged. It is also observed that the hydroxyl 

and amine group band intensities are significantly increased in the spectrum of clear 

coating after acid etching at 40°C for 15 minutes; however, there is only minor 

degradation observed from the bands associated with polyester. Thus, it is found that 

polyester/melamine coil coatings are sensitive to the acid solution and are possibly 

undergoing an acid catalysed hydrolytic degradation mechanism. Such an acid 

catalysed hydrolytic degradation would result in cleavage of the melamine-polyester 

linkage and formation of amine and hydroxyl groups. The acid catalysed hydrolysis 

mechanism may follow a path similar to the hydrolysis of polyester/melamine coil 

coating described in Fig. 5.3 in chapter 5; however, previous studies show that the 

mechanism may also follow the path-way as shown below: 

187 



Acid Etching Studies of Coil Coating 

Mechanism I (Mori et al., 1999): 
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ý}-N-C-O-PE + HA 
NH 

HH 
II ýN-C-O-PE 

+A 

/) 
IIII Iý Ii Acid Solution N 
N-C-O-PE N/ OH + PE-OH 'I I. \\\ If --- 

NH/ 

ýt 

HH 

N 

HH 
II 

N,, rN-C-O-PE +A (1) 
i+ I HH 

N 
N\\ ýNH2 + HA 

N 

Figure 6.3 Schematic diagrams of possible acid catalysed hydrolysis pathways 

(2) 

The mechanism I shown in Fig. 6.3 suggests the melamine side groups are more 

sensitive to the acid solution than the melamine ring and may form Cyanuric and 

polyester acids (PE-OH) after decomposition. On the other hand, mechanism II 

indicates the melamine side group cleavage originates from the melamine ring 

protonation; the side group activated species are the reactive sites during the 

degradation process. The results obtained from the current investigation are then found 

to be correlated well with the mechanisms shown in Fig. 6.3. The observation of 

relatively high intensities of hydroxyl and amine bands in the PA-FTIR spectra (Fig. 

6.2a) are possibly due to the formation of Cyanuric/polyester acids and amine 

respectively. 

It is also found that the acid catalysed melamine decomposition is a rapid process 

where most of the melamine-polyester linkages can be decomposed within 15 minutes 

etching. This finding is also in agreement with previous investigation that suggests the 

hydrolysis rate of the melamine-acrylic crosslink is much faster than that of ester 

linkages in the acid solution (Mori et al., 1999). Moreover, the acid catalysed 

188 



Acid Etching Studies of Coil Coating 

hydrolytic degradation is found to be a function of environmental temperature (i. e., 

higher temperature promotes acid catalysed degradation). It is known that the glass 

transition temperature (Tg) of the coatings employed in this work is approximately 

25°C (Maxted, 2004). As observed from Fig. 6.1a, when the clear coating was 

maintained at room temperature (below Tg) for one hour, no traces of degradation were 

observed. When the environmental temperature is slightly higher than the Tg of clear 

coating (30°C), a few changes in the PA-FTIR spectrum are observed that indicates the 

hydrolysis rate is higher at 30°C. When the oven temperature is increased to 40°C 

(approximately 15°C above the Tg) of clear coating, the acid catalysed hydrolytic 

degradation rate is significantly increased; the clear coating is found to be badly 

degraded after only 15 minutes etching. Therefore, the coating degradation increases 

dramatically when the environment temperature is higher than the Tg of coating. A 

possible explanation for this observation is the mobility of melamine-polyester 

molecules is increased when the coating temperature is above Tg; the acid can be more 

easily to permeate into the coating system. The increased contact areas between the 

acid and coating matrix lead to more rapid acid catalysed hydrolytic degradation. 

The PA-FTIR spectra of the acid etching of the pigmented coatings are shown in Figs. 

6.2(b-g). Generally, the observations are consistent with those seen in clear coatings 

(Fig 6.2a); the acid catalysed degradation causes rapid melamine crosslinking cleavage 

and is a function of temperature. All coatings show significant degradation after 

etching at 40°C. However, it is also found that the degradation rate of pigmented 

coatings is also very likely to be affected by the types of pigment used. The blue 

coating shows no degradation at 22°C and minor degradation after etching at 30°C. 

This feature is quite similar to that of the clear coating and suggests that this organic 

pigment is less likely to affect the acid etching resistance of the coating. The coatings 

(white, blue+white and red+white) with titanium dioxide pigment generally show no 

degradation at 22°C but remarkable degradation after etching at 30°C. This 

observation indicates the titanium dioxide may be also sensitive to the acid solution. 

The red coating shows similar features with the red+white coatings, (the PA-FTIR 
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spectra are shown in the appendix), and therefore, the iron oxide pigment is also found 

to affect the acid etching resistance of the coating. Due to the reaction of the iron oxide 

with the acid solution, the red/red+white coating surface becomes more hydrophilic 

and the contact areas between acid and organic binder matrix becomes enlarged; this 

may enhance the acid permeation that leads to rapid coating degradation. The Horna 

and Solipur yellow samples show minor degradation at 22°C. Horna yellow coating 

(lead chromate with pre-treatment) shows remarkable degradation while Solipur 

yellow coating (lead chromate with no pre-treatment) shows the most significant 

degradation after etching at 30°C. This observation suggests that the lead chromate 

pigment is very sensitive to the acid and may rapidly catalyse the coating degradation. 

It also supports the chromium ion catalysed degradation mechanism proposed 

previously in chapter 4. On the other hand, the catalytic property of the chromium ion 

in Horna yellow pigment may be inhibited by the acid resistance pre-treatment that 

leads to less degradation observed from Horna yellow coating after etching at 30°C 

when compared to the Solipur yellow coating. 

It can be concluded that the inorganic pigments employed in the coating formulation 

are more likely to assist the acid catalysed coating degradation than the organic 

pigment. Firstly, the inorganic pigment is usually more hydrophilic than the organic 

pigment; the binder resin/inorganic pigment interfaces may provide a path that assists 

acid permeation into the coating resulting in rapid degradation. Moreover, when the 

pigment reacts with acid (e. g. iron oxide), the increased contact areas between the acid 

and coating may further assist the acid catalysed degradation. Pigment with catalytic 

properties (e. g. lead chromate) may also catalyse the decomposition of the organic 

matrix in the coating. For the Solipur yellow coating, the acid not only induces rapid 

organic matrix decomposition but also activates the catalytic properties of chromium 

ions (solubility of chromium ions increases with the solution acidity). This leads to the 

experimental observation that the Solipur yellow coating (Fig. 6.2d) exhibits the most 

significant degradation among all the coatings studied. The possible sensitivity of 

titanium dioxide to the acid remains unknown; however, the acid catalysed degradation 
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in the coatings with titanium dioxide pigment may be partially due to the hydrophilic 

nature of the titanium dioxide pigment that assists the acid permeation into the coating. 

6.3.2 CRM Analysis (Surface Chemistry characterisation) 

As the CRM experiments were carried out by focusing the Raman laser down to a 

small volume (-1 µm3 in the air), the following CRM results can be taken as the micro 

surface degradation characterisation. The CRM spectra collected on the surfaces of 

clear coatings before and after acid etching are shown in Fig. 6.4a. It is observed that 

the acid catalysed degradation in the clear coating as determined by CRM follows the 

degradation mechanisms as proposed above (Fig. 6.3). The clear coating after etching 

at 40°C for 15 minutes shows no traces of melamine side chain C-N (1550cm"'), C-O 

(1390cm-1) or Methoxy bands (910cm-') but weak melamine ring band (980cm-1) 

intensities (Fig. 6.4a); which indicates that melamine side groups (C-N, C-O and 

Methoxy groups) are more sensitive to the acid. However, the melamine ring is more 

stable and the polyester shows no degradation in acid solution. Therefore, it is quite 

possible that the decreasing melamine ring band intensity as observed from the CRM 

spectra (Fig. 6.4a) is due to the loss of melamine ring after the side chain cross-linkage 

cleavage, rather than the chemical changes of the melamine ring itself. This 

observation also correlates to the mechanism proposed previously (Fig. 6.3) very well. 

: Clear-4C°C- t 5mins 

12000: Clear-30°C-15mina 
'Clear-22°G1Hr 
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(a) CRM spectra of the clear coating 
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(c) CRM spectra of the Homa Yellow coating 
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(d) CRM spectra of the Solipur Yellow coating (the light green and blue spectrum were collected 
at the hole and normal regions on the Solipur Yellow coating surface after etching at 22°C for 

one hour, as observed from Fig. 6.5d below) 
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(e) CRM spectra of the Red+White coating 
Figure 6.4 CRM spectra collected on the surfaces of coatings before and after acid etching 

The CRM spectra of the pigmented coatings are shown in Figs. 6.4(b-e); no spectra of 

the blue/blue+white samples are available here (the laser damages blue samples). The 

White and Horna yellow coatings generally follow the same degradation mechanisms 
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as the clear coating (note the melamine ring band is overlapped by the Horna yellow 

pigment band in Fig. 6.4c). However, the Solipur yellow coating shows significantly 

different spectral features from the other coatings after acid etching. The CRM spectra 

(Fig. 6.4d) collected at two different areas (holes and normal regions as shown in Fig. 

6.5d) on the surface of Solipur yellow coating after etching at 22°C indicate that the 

degradation in holes is more significant than that in the normal regions; both the 

melamine and polyester in the coating are badly damaged. This observation also 

confirms the previous speculation that the Solipur yellow pigment may catalyse the 

acid induced degradation as significant degradation is only observed from the CRM 

analysis of Solipur yellow coating after etching at a temperature that is below Tg of the 

coating. Moreover, it is quite possible that the original coating surface has features 

with inhomogeneities; the contact area of acid and coating may be increased at the 

lower regions (holes) leading to more localised degradation. The degradation on the 

surface of Solipur coating surface after etching at 30°C and 40°C suggests the whole 

surface region is badly damaged and both the melamine and polyester are significantly 

degraded. 

The degradation of the Red+White coating shows similar features with the clear 

coating, but new bands at about 1600cm"1 and 1010cm"1 in the CRM spectrum are 

observed after acid etching at 40°C. These bands can be assigned to aromatic ring 

structures. This observation may be due to the reaction of iron oxide with acid that 

provides a path way to the primer coating. The aromatic resin employed in the primer 

coating formulation may decompose so that the aromatic ring dissolved in the acid 

solution migrates towards the surface regions. However, this has not been confirmed in 

this work. 
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Figure 6.5 Optical images of the coating surfaces before and after etching obtained using a 50x 

objective; (a) Standard White coating; (b) Standard Solipur Yellow coating; (c) White coating 
after etching at 40°C for 15minutes; (d) Solipur Yellow coating after etching at 22°C for one hour 

The optical images of the coatings after etching are shown in Figs. 6.5 (a-d). It is 

observed that there are minor changes found on the coating surfaces after etching at 

22°C (Figs. 6.5 b and d); coating surface shows clear holes and marks after etching at 

40°C (Figs. 6.5a and c). Thus, the etching on the coating surface is found to be 

inhomogeneous. As the lower surface features (holes) are also observed from the 

standard coating surfaces before acid etching, the enhanced degradation within these 

regions may be responsible for the observation of deeper holes in Fig. 6.5c. Moreover, 

as demonstrated previously (Nguyen et al., 2002), there are regions that are more 

hydrophilic which are more likely to be subjected to humidity enhanced 

photo-oxidation and form holes on the coating surface. The observation from Fig. 6.5c 

may also be due to the same mechanism. The holes observed in the coating surfaces 

after etching may be originally more hydrophilic than the surrounding regions and 

have better affinity with acid solution; so that more degradation occurs in these regions 

resulting in the observation of holes and etching marks (Fig. 6.5 c and d). 
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6.3.3 Optical Microscopy Analysis (Surface Morphology Characterisation) 

The optical images obtained near the boundary of the etched/standard regions on the 

clear and red+white coatings after acid etching are shown in Fig. 6.6a and Fig. 6.6c 

respectively. Figs. 6.6b and d show standard coating regions observed within the 

etched areas on the clear and red+white coating surfaces respectively. 
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Figure 6.6 Optical image of the coatings after acid etching at 40°C for 15 minutes obtained 

using a 10x objective; (a) Clear coating showing the boundary of etched and standard regions; 
(b) Clear coating showing the unaffected areas within the etched regions; (c) Red+White 

coating showing the boundary of the etched and standard regions; (d) Red+White coating 

showing the unaffected areas within the etched regions 

A circular boundary is clearly observed from Figs. 6.6a and c; this indicates the areas 

within the circle are etched by the acid solution. Moreover, as observed from Figs. 6.6b 

and d, standard coating (unaffected) regions can be also observed within the etched 

regions. These regions may arise due to air bubbles trapped between the acid and 

coating surface that prevents the coating surface from acid wetting. Moreover, it can be 

also observed that the coating surface regions that are in contact with acid after etching 

become more hydrophilic; this may accelerate the acid permeation and lead to 
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self-catalysed acid etching. For the case of the natural weathering of coil coatings, it is 

very likely that the surface regions that are more hydrophilic may attract rain drops. 

The same area that attracts the rain drops frequently may be etched more seriously than 

the other regions and form localised etching marks that may be observed by eye. The 

pits and holes that are usually observed from the SEM/AFM images obtained on the 

coating surface after long period natural weathering may have originated from such an 

acid etching mechanism as demonstrated above. 

6.3.4 CRM Depth Profiling Analysis 

As demonstrated previously, the relative quantity of melamine in the clear coating can 

be expressed using Ratioy, EL (i. e., the melamine 980cm"' band area to the polyester 

950cm-' band area ratio). The melamine depth profile in the standard clear coating as 

demonstrated previously suggests the melamine distribution is homogenous throughout 

the film thickness (Fig. 3.21a in chapter 3). The melamine depth profile of the clear 

coating after 40°C etching as determined by CRM using the same method introduced 

in chapter 2 is shown in Fig. 6.7. 
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Figure 6.7 Melamine (RatioMEL) depth profile in the clear coating after 40°C etching 

It is observed from Fig. 6.7 that the RatiokI value decreases steadily within a depth of 

I1[tin from the coating surface. The Ratioti(EL value decreases to approximately 0.4 at 

the coating surface region; this implies the melamine cross-linking agent is seriously 

degraded. The deeper layer is less affected when compared to the coating surface; 

however, it is also observed that the RatiovfEL value obtained in the deeper part of the 
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coating is approximately 0.8 comparing to the RatioMEL value (-1.4) obtained in the 

standard clear coating (Fig. 3.21 a). Therefore, the deeper part of the clear coating is 

also found to be affected. More melamine cross-linking agents are found in the deeper 

coating layers as the total quantity of acid permeated into the deeper part of coatings is 

much smaller than that on the coating surface. In other words, the acid etching in the 

coating may be effectively an acid permeation controlled process. 

6.4 Conclusions 

A series of coil coatings were etched with sulphuric acid solution; the chemistry 

changes were recorded using PA-FTIR and CRM. It is primarily found that the acid 

etching causes rapid melamine cross-linkage cleavage and loss of melamine groups in 

the coating. The polyester in the coatings was found to be relatively stable in the acid 

environment. Inorganic pigment having a hydrophilic nature may provide path ways 

for acid permeation into the coating. The Solipur yellow pigment was also found to 

accelerate the acid induced degradation and lead to more degradation than the other 

coatings. Moreover, the acid etching resistance of coating is also found to be a function 

of environmental temperature; that is the coating degrades more rapidly when the 

temperature is above Tg. This observation may be due to the increased molecule 

mobility at a temperature above Tg that leads to more rapid acid permeation into the 

coating. The acid etching is also found to be a permeation controlled process as the 

CRM depth profiling of the clear coating after etching at 40°C suggests the top coating 

layers degrade more than the deeper layers. 

A localised acid etching mechanism is also proposed. As the coating surface regions 

after acid etching becomes more hydrophilic, the acid etching is effectively a 

self-catalysed process. Therefore, the marks and holes observed from the weathered 

coatings may be due to frequent localised acid etching. This hypothesis will be 

confirmed by the investigations shown in chapter 7. 
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7 World-wide Exposure of Polyester/Mela mine Coil Coatings 

7.1 Introduction 

A coating's weathering performance depends on not only the coating durability but 

also the location of the exposure site. For instance, coatings generally degrade faster in 

the tropic or sub tropic regions (e. g. Florida) but slower in the higher latitude locations 

(e. g. Sweden). This is because the tropic locations usually have higher temperature and 

UV light intensity that may accelerate the degradation process. Moreover, the coating 

degradation also depends highly on the weathering conditions of the specific site. For 

example, the coating service life time may be extended when applied in locations with 

lower average temperature and less rainfall. As demonstrated in chapter 6, the air 

pollution (especially acid rain) may also influence the coating durability. It was also 

found from the previous investigations (chapters 4 and 5) that the acid rain or 

pollutants in the natural environment may cause additional impact on coating 

durability when compared with the artificial accelerating weathering. 

Although the literature reviewed in previous chapters has demonstrated that various 

coating degradation mechanisms have been proposed and studied; most of these 

studies were focused on the artificial weathering methods rather than the natural 

weathering. It has been shown that the correlation of artificial and natural weathering 

is often unsatisfactory (Lowe, 2006a and b), and so the natural weathering results are 

always considered as the most reliable predicator of the service life time of coil 

coatings. In order to find out the effect of weathering conditions on the chemistry of 

coating degradation and reinforce the hypothesis constructed in the previous chapters, 

a series of coil coatings based on the same resin system (BeckeryTech) but different 

pigments were exposed in different locations around the world, the chemistry changes 

were characterised using PA-FTIR and CRM. It was primarily found that the 

weathering condition in different locations has a significant impact on the coating 

durability. It is also found that the pigments incorporated in the coatings accelerate the 
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coating degradation. Moreover, natural acid etching marks on the coating surface after 

weathering are clearly observed. Not only the optical image but also the spectral 

features of the natural acid etching regions are found to be the same as that observed 

from the laboratory acid etching (chapter 6). 

7.2 Experimental 

The coil coatings employed in this chapter were supplied and prepared by the Long 

Term Development groups of Becker Industrial Coatings. They are generally based on 

the same resin system (BeckeryTech) as that employed in the previous coatings. Varies 

pigments were incorporated in the coatings. The sample information is provided in 

table 7.1. Due to commercial confidential considerations, only general information is 

provided here. The coatings may also contain small amounts of other types of pigment; 

but these have minor impact on the coating durability. 

Table 7.1 Sample Information 

Sample Colour General Pigmentation 

CW8554 Bright Yellow Lead Chromate" + Titanium Dioxide 

CW8555 Brown Iron Oxide* + Titanium Dioxide 

CW85572 Bright Red Quinacridone Violets + Iron Oxide' + Titanium 

Dioxide 

CW8576 Yellow Lead Chromate" + Titanium Dioxide 

CW8577 White Titanium Dioxide' 
'The major pigment in the coating. 
'The yellow pigment in CW8554 and CW8576 is a mixture of 2 types of lead chromate including 

Solipur Yellow pigment as used for CW9216 coating previously. 
2CW8557 sample is based on the aromatic polyester resin (BeckeryPol). 

The coil coatings exposed in Allunga, Australia and South Africa were both mounted 

45° north facing (samples exposed in South Africa was also mounted at higher 

altitude). Samples exposed in all the other sites (Florida, USA; Hainan, PRC; 
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Guangzhou, PRC; Singapore; EMMAQUA exposure in Arizona, USA) were mounted 

45° south facing. All exposures were carried out for two years; apart from the 

EMMAQUA samples which was exposed to a UV energy of 1540MJ/m2. The coating 

gloss measurement and PA-FTIR/CRM spectra collection follow previous parameters. 

The optical images were recorded with CRM using either a lOx or 50 x objectives. 

7.3 Results and Discussion 

7.3.1 General Bulk Analysis (PA-FTIR and GR%) 

The spectra collected from the yellow coating (CW8554) before and after exposure in 

different locations are shown in Fig. 7.1. It is observed that the general spectral 

changes are similar to previous observations. The coating degradation follows the 

mechanisms proposed in Fig. 5.3 (chapter 5). Moreover, remarkable degradation is 

also found from CW8554 coating that was exposed but covered so that no UV light 

would reach the sample. This finding can be well correlated to previous studies (Bauer 

and Mielewski, 1993; Nguyen et al., 2002); however, most of these investigations were 

carried out with artificial weathering methods. This current investigation confirms that 

the moisture in the natural environment is very likely to cause the moisture induced 

degradation (the hydrolysis of polyester-polyester and polyester-melamine linkages). It 

is also observed from Fig. 7.1 that the extent of coating degradation varies in different 

locations. This observation confirms that the coil coating performance can be affected 

by different weathering conditions. The formation of hydroxyl group, melamine side 

group cleavage and formation of amine/amide groups as observed from PA-FTIR 

spectra of coatings exposed in varies locations were also quantified using the previous 

PA-FTIR quantification method, as shown in Figs. 7.2(b-d); the GR% data is shown in 

Fig. 7.2a. 
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Figure 7.1 Overlaid PA-FTIR spectra of CW8554 coating before and after exposure to different 

environments (STD-unexposed: standard unexposed sample; STD-exposed but covered: 

sample obtained from the covered areas on the exposed sample) 

It is observed from Fig. 7.2a that the GR% of the red coating (CW8557) is relatively 

high; this observation indicates that the aromatic resin system (BeckeryPol) with 

higher T. together with iron oxide red pigment generally demonstrates good durability. 

The yellow sample (CW8554) has the lowest GR% amount all of the coatings exposed 

in different locations. The GR% values for coatings exposed in EMMAQUA are all 

quite low as the total energy of EMMAQUA exposure (1540MJ/m2) is equivalent to 

approximately 6 years natural exposure (-280MJ/m2 per year). It is also found that the 

GR% values for the bright yellow (CW8554) and white (CW8577) coatings exposed in 

Hainan are lower than that in the other sites. Moreover, the gloss retention 

performances of the CW8554 and CW8577 coatings exposed in Hainan are found to be 

similar to those in EMMAQUA exposure. Therefore, the high temperature, UV light 

intensity, humidity weathering condition (table 4.2, chapter 4) in Hainan must be 

responsible for the rapid coating degradation. These findings suggest the weathering 

conditions in Hainan are more likely to catalyse the coating degradation; they are also 

in good agreement with the poor coating performance observed previously in Hainan 

(chapter 4). It can be generally concluded from the gloss data shown in Fig. 7.2a that 
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the Solipur yellow pigment (lead chromate without surface treatment) accelerates the 

coating degradation; and that the different weathering conditions including UV light 

intensity, moisture, high temperature and air pollution in the exposure sites are very 

likely to affect the coating durability. All of the above findings are found to be very 

well correlated to the previous investigations. 
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(c) Melamine decomposition in the coatings after exposure 

(d) Formation of amine/amide groups in the coating after exposure 
Figure 7.2 GR% and PA-FTIR quantification of coatings exposed in various environments 
(EMQ-EMMAQUA; FL-Florida; AG-Allunga; SA-South Africa; HN-Hainan; GZ-Guangzhou; 

SP-Singapore) 

It is generally observed from Figs. 7.2b that there are more hydroxyl groups produced 

in the CW8554 (bright yellow) and CW8577 (white) coatings. This observation is 

consistent with previous results and confirms that the Solipur Yellow and Titanium 
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Dioxide pigments are very likely to accelerate the hydrolysis and photo-oxidation of 

the coatings respectively. Fig. 7.2c suggests the melamine side chain C-N and the 

melamine ring degradation of different coatings exposed in the same exposure site are 

quite similar. Fig. 7.2d suggests there are significantly more amine/amide groups 

observed in the CW8577 coating after weathering. This indicates that the Titanium 

Dioxide pigment is more likely to catalyse the photo-induced attacks to the melamine 

cross-linker that result in the formation of amine/amide groups. 

The correlation between the GR% measurement and the bulk chemistry changes in the 

coatings is found to be relatively weak; this is in good agreement with previous 

findings. Moreover, it is observed from Figs. 7.2b, c and d that the degradation in 

coatings exposed in Hainan, Guangzhou and Singapore is more significant than all the 

other exposure sites (even including EMMAQUA exposure). Therefore, this 

observation confirms that the weathering conditions have significant impacts on the 

coil coating service life time. Although the total UV energy exposed on the coatings 

after EMMAQUA exposure is approximately equivalent to 5 years natural exposure, 

the overall coating degradation in the natural exposed coatings can be even more 

significant. The weathering condition in the Hainan, Guangzhou and Singapore 

exposure sites must enhance the photo-/moisture/pigment induced degradation. The 

relatively dry environmental condition of EMMAQUA exposure may only promote the 

photo-induced coating degradation; the moisture/pigment effects may be well 

inhibited. 

Tables 7.2 and 7.3 show the average values of GR% and PA-FTIR quantification data 

for each of the exposure sites and coil coatings respectively; the text in red highlights 

significant coating degradations. It can be more clearly observed that the different 

weathering condition has significant impact on the coating durability (e. g., more 

degradation in HN, GZ and SP). The pigment in the coating formulation may also 

accelerate the coating degradation that leads to rapid melamine-polyester cross-linkage 

cleavage (e. g., lead chromate/titanium dioxide pigments in CW8554/CW8577 coatings 
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catalyse hydrolysis and photo-oxidation degradation respectively). Moreover, the 

different extent of UV light intensity; acid rain and moisture in the exposure sites may 

accelerate the pigment catalytic effects that cause even more rapid coating degradation. 

Thus, the combination of the UV light; moisture and acid rain effects should be 

responsible for significant coating degradation observed. The differences in the 

durability of coatings are actually due to the different pigmentation employed in the 

formulations. 

Table 7.2 Average values of GR%, OH%, MEL% and Amine% for each exposure sites 

Exposure Site GR (%) OH (%) MEL (%) Amine (%) 

EMQ 45.82 41.78 2.96 15.56 

FL 78.98 41.22 2.44 17.83 

AG 71.80 48.20 3.09 19.47 

SA 79.57 31.72 2.14 15.10 

HN 56.87 75.13 3.32 30.64 

GZ 68.51 76.20 5.42 38.49 

SP 69.34 71.08 5.61 37.17 

Table 7.3 Average values of GR%, OH%, MEL% and Amine% for each coating 

Sample GR (%) OH (%) MEL (%) Amine (%) 

CW8557 (Bright Red) 91.88 44.24 3.41 21.60 

CW8577 (White) 64.11 62.94 3.25 37.29 

CW8554 (Bright Yellow) 40.93 73.14 3.70 18.04 

CW8576 (Yellow) 72.15 39.86 3.34 22.59 

7.3.2 CRM Characterisation (Surface Chemistry Analysis) 

The CRM spectra collected from the coatings exposed in different sites are shown in 

Figs. 7.3 a, b and c. It is observed from Fig. 7.3a that the degradation in bright yellow 

(CW8554) coating exposed in various sites is very different. The CW8554 coating 

exposed in Singapore shows the highest amine/amide band (1630cm-1) intensity and 

the most polyester degradation (1200cm' - 1400cm'). The CW8554 coating exposed 
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in Guangzhou, Hainan and South Africa generally show more degradation than that in 

Allunga and Florida. The EMMAQUA sample shows relatively good performance; the 

only remarkable spectral change is the decreasing intensity of the melamine side chain 

C-O band at around 1390cm-1. Moreover, it is observed from Fig. 7.3b that the coating 

degradation is not homogenous; the CRM spectra collected at two different positions 

on the CW8554 Singapore sample surface show very different spectral features (i. e., 

the coating degradation at the position 2 is much more significant than that at the 

position 1). The CRM spectra of the white (CW8577) coating (Fig. 7.3c) shows similar 

features as that observed from Fig. 7.3b. The CW8577 coating degradation in 

Singapore is more significant than the others; the EMMAQUA sample performs 

relatively better durability than all the other weathered samples. 
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(a) CRM spectra of the CW8554 Yellow coating before (STD) and after exposure in different 

sites (Similar features are observed from CRM spectra of CW8576, as shown in Appendix) 
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(c) CRM spectra of the CW8577 White coating before and after exposure in different sites 
Figure 7.3 CRM spectra of the world-wide exposed coil coatings (note the melamine band at 
980cm-1 is overlapped by the Solipur Yellow pigment band in spectra of the CW8554 coating) 
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It can be generally concluded form the CRM characterisations that the coating 

durability is very likely to be affected by the weathering conditions. Moreover, the 

coating surface chemistry may be even more sensitive to the weathering conditions as 

it is observed from the CRM spectra collected from both the CW8554 and CW8577 

coatings that the formation of amine/amide groups and polyester degradation is 

significantly more after Singapore exposure. Although the total UV energy of the 

EMMAQUA exposure is approximately equivalent to 5 years natural weathering, the 

coating surface degradation after natural weathering is much more significant than the 

EMMAQUA exposure. This may be due to the combination of UV/moisture/acid 

rain/pigment effects are more likely to induce rapid degradation on the coating surface 

than the high intensity UV light or moisture exposure only. The above CRM surface 

chemistry characterisations are found to be in good agreement with the PA-FTIR bulk 

chemistry analysis and suggests the coating degradation is more significant on the 

surface regions, especially after exposure in environments with high UV, moisture and 

possibly frequent acid rain, such as Singapore, Guangzhou and Hainan exposure sites. 

Some selected optical images together with Raman spectra collected at the possible 

acid etching marks as observed from the Singapore coating surfaces are shown in Figs. 

7.4 and 7.5 respectively. It is observed from Fig. 7.4 that the identical marks with 

unique optical features are clearly shown on the coatings surfaces. The marks on the 

CW8555 (brown) and CW8577 (bright red) coatings with circular shape are also found 

to be similar to the acid etching marks as observed in Fig. 6.5 (chapter 6). It is also 

quite possible that the circular marks represent the shape of the acid rain drops on the 

coating surfaces. Moreover, the surface areas within the acid etching regions are found 

to be "cleaner" (less dirty) than the other regions. This may be due to the reason that 

the dirty outmost surface layers were etched and removed by the acid rain drops; so 

that the deeper layers with less dirt were exposed to the atmosphere. 
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Figure 7.4 Optical images showing the 

acid etching marks on the coating 

surfaces after two years Singapore 

exposure (Note: the magnifications 
shown in the graph only represents the 

objective used to obtain the optical 
images) 

In order to trace the chemistry in these unique regions, CRM spectra were collected at 

both of the possible acid etching and normal areas; they were then compared with the 

CRM spectra of the standard coating, as shown in Figs. 7.5 (a-e). It is observed from 

Fig. 7.5a that more degradation is found in the etched regions on the CW8554 (bright 

yellow) coating surface; both of the melamine and polyester are badly degraded. It is 

even more clearly observed from Fig. 7.5b that the CW8576 (yellow) coating is badly 

degraded in the acid etched regions; the spectrum collected at the acid etching region 

also performs the same spectral features as that observed from the laboratory etching 

of the Solipur yellow coating shown previously in Fig. 6.2d (chapter 6). 
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(e) CRM spectra of the CW8577 coating 
Figure 7.5 CRM spectra collected from the coatings before and after Singapore exposure (the 

"acid etching" spectrum was collected within the possible acid etching marks as observed in Fig. 

7.4; the "normal" spectrum was collected in the normal regions on the Singapore sample 

surfaces) 

However, the CRM spectra collected at the acid etching regions on the CW8555 

(brown) and CW8557 (bright red) coating surfaces show very different features. It is 

observed from Fig. 7.5c that the spectrum collected at the etched region clearly shows 

less amine/amide band intensity than the normal regions. Fig. 7.5d also shows a similar 

feature that is a higher aromatic band (1605cm"') intensity in the spectrum collected 

within the acid etching region (note: CW8557 coating is based on the aromatic 

polyester resin system). This different observation is very likely to be due to the 

different pigment incorporated in the coating formulation. As previously demonstrated, 

the Solipur yellow pigment is very sensitive to the acid solution and may accelerate the 

organic matrix degradation in the coating; the coating degradation was also found to be 

an acid permeation controlled process. Thus, the poor coating durability at the acid 

etching regions on the CW8554 (bright yellow) and CW8576 (yellow) coatings, as 

observed in Fig. 7.4 may be due to the sensitivity of Solipur yellow pigment to the acid 

that causes significant degradation in the coating. On the other hand, the acid etching 

regions observed on the CW8555 (brown) and CW8557 (bright red) coating surfaces 
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show better coating durability compared to the badly degraded outmost layers as these 

layers were removed during the acid etching process and the fresh deeper coating 

layers were exposed to the atmosphere. As the melamine band intensity in the CW8555 

and CW8557 coatings is relatively weak, no comparison of the melamine degradation 

between the etched and normal regions is made here. 

The CRM spectra collected at the acid etching region on the CW8577 (white) coating 

surface, as shown in Fig. 7.5e, suggests that more melamine degradation occurred at 

the acid etching regions because the melamine band intensity in the acid etching 

spectrum is much lower than that in the spectrum collected at the normal regions. This 

observation also indicates that the acid etching is more likely to attack the melamine 

cross-linker in the coating; this is in good agreement with the previous finding (Fig. 

6.2b, chapter 6). 

Therefore, the previous hypothesis (i. e., the acid etching mechanisms for coatings 

exposed out-door) is reinforced. The acid etching on the natural exposed coating 

surface is very likely to cause localised degradation that leads to unique optical 

features as observed in Figs. 7.4. Moreover, the Solipur yellow pigment is found to be 

very sensitive to the acid rain in natural environment that leads to the accelerated 

coating degradation within the acid etching regions. 
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7.4 Conclusions 

The coatings exposed in different locations (countries) were characterised using 

PA-FTIR and CRM. It is found from the bulk analyses (i. e., PA-FTIR and GR%) that 

the different weathering conditions have a significant impact on the coating durability. 

The coil coatings exposed in Singapore, Hainan and Guangzhou show relatively poor 

durability. This may be due to the aggressive local environment as well as high UV 

light intensity and high humidity conditions in the coating exposure sites (note, the 

Hainan and Guanzhou exposure sites are quite close to the industrial zone while the 

Singapore exposure site is close to the airport). Although the EMMAQUA exposure 

involves a much higher UV light intensity, the EMMAQUA sample shows better 

chemical stability than the natural exposed samples; this indicates the combination of 

UV light, moisture, acid rain accelerates the coating degradation and leads to more 

rapid coating degradation. The Solipur yellow and titanium dioxide pigments were also 

found to be very sensitive to the moisture/acid rain and UV light respectively, which 

accelerates the organic binder degradation in the coating via various mechanisms. 

The CRM surface chemistry analysis, on the other hand, suggests the coating surface is 

very sensitive to different environments; the pigment in the coating accelerates the 

coating surface degradation. The CRM results also show relatively good correlation 

with the PA-FTIR bulk chemistry analysis. The acid etching marks with unique optical 

features were clearly observed from the Singapore sample surfaces, the spectra 

collected in these regions show the same features as that observed from the laboratory 

etched coatings. Therefore, the acid etching mechanisms as proposed in chapter 6 is 

reinforced. Moreover, the laboratory acid etching method designed in chapter 6 is 

found to be very suitable to simulate the natural acid etching in the coatings that are 

exposed in the natural environment for a long duration (years). 
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8 Confocal Raman Microscopy Study of the Melamine 

Distribution in Polyester-Melamine Coil Coating 

8.1 Introduction 

As demonstrated in chapter 2, the polyester-melamine coil coatings still dominate the 

market due to their high performance in formability, scuff resistance, adequate 

durability and cost efficiency. There is a large variety of polyester resins available to 

meet different requirements. The most commonly used melamine cross-linking resin is 

Hexamethoxymethyl Melamine (HMMM), others with lower degrees of methylation 

can be used together with HMMM. The curing of coil coatings involves the 

trans-etherification of the melamine methoxy groups with the polyester hydroxyl 

groups resulting in the loss of methanol (co-condensation). Melamine can also 

self-condense during this process. It is of great importance to study the melamine 

self-condensation because the presence of mainly self-condensation domains may 

affect coating properties such as glass transition temperature and effective crosslink 

density thereby modifying the formability, hardness, stain resistance and chemical 

resistance of the paint. For example, it was previously found that improved film 

formability at equivalent hardness can be related to the low tendency of HMMM to 

undergo self-condensation during curing (Koral and Petropulos, 1996). 

Much work has been carried out to determine the reaction mechanism of the 

trans-etherification and to build up the general model of melamine self-condensation 

so as to control the coating's internal crosslink networks and to improve coating 

performance. As reported in the literature, melamine self-condensation is a complex 

process, and it depends on factors such as the type and amount of catalysts, curing 

conditions, polyester hydroxyl values etc. Calbo found that di-nonylnaphthalene 

di-sulfonic acid (DNNDSA) produced less melamine self-condensation than the 

normal para-toluene sulfonic acid (p-TSA) (Calbo, 1980); Blank's investigations 
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showed that increased moisture in the air significantly increased self-condensation 

(Blank, 1979). Gan et al. proposed the reaction mechanism and the general model of 

melamine clustering (Gan et al., 1989). Jones et al. found the self-condensation rate 

also depended on the types of melamine resins, and proposed the possible products 

(Jones et al., 1994). 

Melamine self-condensation has been studied for decades; it is a very important 

phenomenon that will affect the cross-linking density of the coatings. Control of these 

reactions may lead to the development of specialised coatings. Therefore, the great 

importance of this phenomenon has also stimulated the application of new techniques 

on both qualitative and quantitative studies. These studies have tended to concentrate 

on the surface chemistry of coatings, for example, Urban et a!. used attenuated total 

reflection (ATR) Fourier transform infrared spectroscopy (FTIR) to study 

polyester-melamine coatings and found melamine enrichment on the surface when the 

hydroxyl value of polyester is low (Hirayama and Urban, 1992). Another ATR-FTIR 

study was reported by Ramada and co-workers who quantified the degree of melamine 

enrichment in the surface region of polyester-coatings as a function of infrared 

penetration depth (Hamada et al., 1997). More recently, Gamage et a!. used X-ray 

photoelectron spectroscopy (XPS) to analyse the distribution of melamine at the 

surface of polyester-melamine based coatings cured under nonisothermal conditions 

and also found melamine enrichment at the coating/air interface (Gammage et a!., 

2004). 

Although melamine enrichment near the coating surface has been previously studied in 

details, melamine self-condensation in the bulk has not been particularly well 

elucidated as ATR-FTIR and XPS are both surface sensitive techniques (a few 

nanometers/micrometers). Very recently, Confocal Raman Microscopy (CRM) has 

been found to be very suitable to determine the component distribution in polymer 

films or multi-layer polymeric systems and is non-destructive. The capability of CRM 

technique in assessing the depth profiling of coil coating has also been previously 

demonstrated in chapter 3. 
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The current investigation is focused on utilising the CRM surface mapping and depth 

profiling techniques together with its optical imaging function to investigate the 

distribution of melamine in polyester-melamine coil coatings. A 3-D view of the 

melamine distribution in coatings will be shown. It is primarily found that the 

melamine distribution is inhomogeneous throughout the coating thickness; the 

melamine enriched zones are clearly observed. Moreover, the melamine enriched 

zones are also clearly observed from coil coatings after weathering in various 

conditions (e. g. Natural, QUV-A, and EMMAQUA). 

8.2 Experimental 

Materials and Methods: 

The coil coating samples investigated in this work were all laboratory prepared 

aliphatic polyester-melamine coatings. Two pigmented coatings and one clear coating 

were assembled. The samples and their pigmentation are listed in table 8.1. Due to 

reasons of commercial confidentiality only a general description of the components 

included in the coil coating formulations employed are provided here. All samples 

were prepared using a standard coil coating laboratory simulation method, as 

demonstrated before. 

Table 8.1 Sample information (the ratio of HMMM and high NH MMM in formulation is the same 
for all coatings) 

Sample Base 

Resin 

OH 

Value 

HMMM High NH 

MMM 

PE' Pigmentation 

(wt%)2 

Clear Aliphatic 35 >5 >5 82 N/A 

PE 

White Aliphatic 35 >5 >5 82 Titanium 

PE Dioxide (52) 

Red Aliphatic 35 >5 >5 82 Iron Oxide (19) 

PE 

'Polyester (PE) 
2Weight Percentage (wt%) 
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The cross-section samples were prepared and polished using a standard method. A strip 

was cut from the panel and mounted vertically in a mould. The position was 

maintained so as to keep the strip standing vertically. The mould was then filled with 

curing resin specially chosen not to swell the coating. After curing overnight, the 

samples were demoulded, finely polished using a Struer Labopol 5 grinding machine 

with laboforce 3 head. P120, P180 and P320 sand papers were used to grind samples; 

they were then polished with abracloth 9µm and durasilk 3µm. Finally, the samples 

were washed with distilled water. 

Confocal Raman Microscopy Instrumentation: 

All Raman spectra were recorded using a Nicolet Almega visible dispersive Raman 

spectrometer (Madison, USA) with a 785nm laser excitation. A 100x dry-objective 

(NA=0.90, Olympus) was used for both surface mapping and depth profiling 

experiments. This theoretically yields a depth resolution of 1.02µm; a lateral resolution 

of 0.44µm and a laser spot size of 0.96µm. A laser power of 300mW was used for 

spectra collection of the clear and white coil coatings; whilst for the red coil coating a 

lower laser power of 120mW was set. 

For the CRM surface mapping experiments, areas with the sizes of 10µm by 10µm to 

20µm by 20µm were investigated. The step size was set at 1µm to achieve a high 

spatial resolution. Therefore, each map contains 100 to 400 sampling points with one 

spectrum collected at each position. 

The depth profiling of the clear coating was carried out by collecting Raman spectra 

throughout the coating thickness. For the pigmented coatings, the melamine 

distribution analysis was performed using CRM to scan through the cross-section 

samples (lateral scanning). A step size of 1µm was set for both depth profiling and 

lateral scanning to enhance the resolution. 
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8.3 Results and Discussion 

8.3.1 Melamine Distribution in Coil Coatings 

8.3.1.1 Melamine Estimation Method 

Fig. 8.1 is the Raman spectrum of a clear polyester-melamine coil coating under 

investigation in this work. The band assignments associated with this current study are 

summarised in table 8.2. In order to estimate the quantity of melamine from the Raman 

spectra, a peak area ratio method was adopted to overcome the problems associated 

with fluorescence in the samples, especially the pigmented coatings. The peaks chosen 

for this ratio calculation are the melamine ring band at 984cm -' (the stronger of the 

three melamine bands) and the polyester band at 952cm-1. Thus, the melamine to 

polyester peak area ratio (RatioAEL) is used to represent the relative quantity of 

melamine in the coil coatings (this method was previously introduced in chapter 3). 
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Table 8.2 Selected Band assignments of polyester-melamine coil coatings 

Band Position (cm") Assignment 

1557 Melamine' side chain C-N 

1395 Melamine side chain C-O 

984 Melamine ring 

914 Residual methoxy group` 

953 Polyester 

810 Polyester 
'The melamine mentioned in this works refers to HMMM. 
2The residual methoxy groups here are the non-reacted methoxy groups on the HMMM side chains. 

8.3.1.2 CRM Surface Mapping Analyses 

Fig. 8.2a is an optical image of the surface of the clear coating; an indistinct feature is 

observed in the marked region. Fig. 2b is a CRM RatioA, EL map (the intensity bar 

indicates the values of RatioMEL with corresponding colours in the maps) that shows the 

concentration of melamine in the scanned area marked in Fig. 8.2a, whilst Fig. 8.2c is 

a 3-D plot of the melamine distribution that provides a more instant view. It should be 

noted that this has no topographical significance; it is purely a device to show the 

RatioMEL intensity at different regions on the surface. It is clearly observed that the 

melamine concentration is much higher in the region marked with a white circle in Fig. 

8.2a. The value of RatioMEL (Fig. 8.2a) in the red zone (-3.4) is approximately 2.3 

times higher than that in the blue regions (-1.5) and the size of this melamine enriched 

zone is approximately 5µm (the green zone) in diameter. These observations can be 

possibly explained by the general melamine self-condensation model proposed by Gan 

et al. (1989), who suggested that phase separation might occur in regions that they 

referred to as melamine clusters due to a higher crosslink density. Therefore, the 

observed feature of the melamine enriched zone may arise from such high crosslink 

density. 
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(a) Optical image of the clear coating (blue square indicates the scanned area; white circle 
shows the melamine enriched zone) 
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(b) CRM RatioMEL map of the clear coating 
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(c) A 3-D view of the CRM RatioMEL map 
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(d) Raman spectra collected at three points as indicated on the CRM RatioMEL map 
Figure 8.2 CRM surface mapping of the clear coil coating 

Fig. 8.3 shows the surface mapping of a white pigmented coil coating. Unlike the 

optical image of the clear coating, the corresponding image shown in Fig. 8.3a is much 

clearer in its definition of a possible melamine enriched zone (marked with the red 

circle). 
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(b) CRM RatioMa map of the white coating 
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(c) Raman spectra collected at three points as indicated on the CRM RatioMEL map 
Figure 8.3 CRM surface mapping of the white coil coating 

The CRM RatioAEL map of this area confirms that this spherical like particle with a 

diameter of -51Lm is a melamine enriched region. The value of RatioA{EI in the red core 

of the melamine enrichment zone (-2.95) is about 2.3 times higher than the 

surrounding blue areas (-1.3). The spectra shown in Fig. 8.3c suggest the melamine 

bands at 1556cm `, 1397cm-1 and 980cm-` all increase in height while the residual 

methoxy band at 914cm"' is relatively constant. These findings are all in good 

agreement with the CRM surface mapping of the clear coil coating. Therefore, the 

inclusion of the titanium dioxide pigment in the coil coating has not interfered with the 

localised melamine enrichment. 

The distribution of the titanium dioxide pigment in the same scanned area (Fig. 8.3a) 

on the white coating surface is also analysed by CRM surface mapping, as shown in 

Fig. 8.4a; this analysis is based on the Raman intensity of the titanium dioxide band 

rather than a peak area ratio (the intensity bar indicates the relative Raman intensities 

with corresponding colours in the maps). The titanium dioxide characteristic peaks are 

shown in Fig. 8.4b. It is observed from Fig. 8.4a that the pigment concentration is 

much lower in the middle region of the scanned area. Therefore, the region with higher 

concentration of melamine contains less pigment. 
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(b) Raman spectra collected at two points as indicated on the Raman intensity map 
Figure 8.4 CRM surface mapping of the white coil coating (the pigment distribution) 

The CRM surface mapping of the red coil coating is exhibited in Fig. 8.5. A possible 

melamine enriched region approximately 5µm in diameter is observed and shown 
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within the white circle (Fig. 8.5a). As shown in Fig. 8.5b, the RatioAtht, map of the 

scanned area (the blue square in Fig. 8.5a) suggests a significantly higher 

concentration of melamine within the white circle. 
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(a) Optical image of the red coil coating 
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(b) CRM Ratio,,, map of the red coating 
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(c) Raman spectra collected at three points as indicated in (b) 
Figure 8.5 CRM surface mapping of the red coil coating 

As illustrated in Fig. 8.5c, the Raman spectra collected at three different positions in 

the Ratio4j 
, map show that the intensities of all three melamine bands increase from 

the blue to the red regions, whilst the residual methoxy and polyester corresponding 

band intensities are fairly constant. The value of RatioM 
. of the melamine enriched 

zone (-5) is roughly 3.3 times higher than the surrounding area (-1.5). These findings 

are generally in good correlation to those of the clear and white coatings, however, it is 

also observed that the maximum Ratio"EL value is higher and the spectra contain more 

noise. This is mainly due to the lower laser power (120mW) used here since a higher 

power will destroy the red sample. Consequently, the signal intensity and data 

accuracy are reduced. 

The analyses of the iron oxide pigment distribution are shown in Fig. 8.6, the iron 

oxide characteristic bands are shown in Fig. 8.6b. Once again, less pigment is found in 

the region with more melamine, as shown in Fig. 8.6a. The normalised Raman spectra 

shown in Fig. 8.6b also support the above finding. They are all in good agreement with 

the pigment distribution analysis of the white coil coating. 
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Therefore, it can be summarised that the melamine enriched regions are formed in both 

clear and pigmented coil coatings, possibly via melamine self-condensation reaction. 

In addition, the pigment distribution in the regions is significantly lower. 
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(a) Raman intensity map (iron oxide) 
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(b) Raman spectra collected at two points as indicated in (a) 
Figure 8.6 CRM surface mapping of the red coil coating (the pigment distribution) 

229 



CRM Study of the Melamine Distribution in Coil Coating 

8.3.1.3 The Depth Profiling and Lateral Scanning Analyses 

A non-destructive depth profiling has only been applied to the clear coil coating. For 

the pigmented coil coatings, a lateral profile was obtained through the cross-sections. 

Fig. 8.7 describes several different ways in which the depth profiles of the clear coat 

can be illustrated for a `normal' (no melamine enrichment) region. The variation with 

depth into the coating of the melamine ring (980cm"1), polyester (950cm-') and residual 

methoxy groups (914cm 1) are highlighted in the Raman intensity map shown in Fig. 

8.7a. It is a very different map from Fig. 8.2b, which is a topographical map of the 

surface. This map looks at the variation in the chemistry with depth into the film under 

an area no bigger than 1 µm2. Colour from red to blue indicates the corresponding 

Raman intensities; the X axis has no spatial significance and indicates the band 

position while the relative laser penetration depth is plotted in the Y axis; the surface 

and bottom of the clear coating are as indicated in Fig. 8.7a. Although higher intensity 

values for the melamine ring band are observed at depths of 5 to 13µm; the other bands 

also perform similar trends. Therefore, the decrease in Raman intensities at the depths 

of 0-5µm and 20-25µm is actually due to either the out of focus signals and/or the 

reduction of the signal magnitude in the coating. This does not represent an 

inhomogeneous distribution of melamine. 

The RatioMEL, against relative depth is plotted in Fig. 8.7b; i. e., the depth is plotted on 

the X axis starting at the bottom of the film approximately 25µm from the surface. A 

variation (±0.1) in the RatioMEL value is observed due to the Raman signal fluctuation 

however, this small variation will not affect the melamine distribution analysis in this 

work. A dotted line is fitted to the graph to indicate where the homogenous distribution 

of melamine in the clear coating would sit. The mean value of the Ratio, 11F1, is around 

1.4. As observed in Fig. 8.7c, the Raman spectra collected at three different depths in 

the clear coating also suggest a homogenous distribution of melamine in the `normal' 

regions. 
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(a) Raman intensity map of the clear coating 
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(b) Depth profile of the RatioMEL throughout the clear coating 

Figure 8.7 CRM depth profiling of the dear coating at the standard region 
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(c) Raman spectra collected at three different depths as indicated in (a) 
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The depth profiling of the melamine enriched zone in the clear coating is shown in Fig. 

8.8. The Figures are in the same order as Fig. 8.7. It is observed from Fig. 8.8a that the 

melamine band (984cm') is very strong at relative depths from 5 to 1011m, whilst the 

other bands all show similar intensities (e. g. compare the distribution of the 984cm-I 

band to the distribution of the 1050cm-' band in Figs. 8.7a and 8.8a. ) The RatioAfEL 

depth profile shown in Fig. 8.8b clearly exhibits a very different behaviour compared 

with the CRM depth profiling in the `normal' region. The RatioAfEL increases to a 

maximum value of -3.4 (the core of the melamine enriched zone) and then decreases 

to an approximately constant value of -1.5 that is quite similar to the mean value in 

Fig. 8.7b. The vertical size of the melamine enriched zone is approximately 8µm as 

indicated in Fig. 8.8b. 

Y 

R 
ýý 
ý$ 

ý« 

ý 

(a) Raman intensity map of the clear coating 
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(b) Depth profile of RatioMEL throughout the clear coating 

0 

232 



CRM Study of the Melamine Distribution in (. 'oil Coating 
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(c) Raman spectra collected at different depths as indicated in (a) 
Figure 8.8 CRM depth profiling of the clear coating at the melamine enriched region 

Unlike the depth profiling of the clear coating, a cross-section of the white coating is 

scanned by the laser to investigate the distribution of melamine in the coating. An 

optical image of the white cross-section is shown in Fig. 8.9a with the different layers 

clearly observed. A distinct feature that appears in the white pigmented coating is 

observed as a `grey particulate'. CRM surface mapping within the blue square area 

shown in Fig. 8.9a is plotted in Fig. 8.9b. This map provides an instant view of the 

melamine distribution near the `particle'; the 980cm-' band intensity is used as the 

indication of melamine rather than the use of Ratio , ý, F,. No melamine resin is 

incorporated into either the curing resin or the steel substrate; therefore, their 

corresponding layers are shown as blue. The primer contains less melamine resin in the 

formulation and the layer is relatively thin, so the light blue colour in the primer region 

is observed. However, the `particle' region in the white coating layer (Fig. 8.9a) 

appears as red in Fig. 8.9b, which indicates significantly higher melamine 

concentration in this region. In other words, the `particle' with diameter around 8µm is 

actually a melamine enriched region in the white coating. Moreover, the spectra (Fig. 

8.9c) collected at the high and normal melamine concentration regions as seen in Fig. 

8.9b shows clearly less titanium dioxide band intensity at the high melamine 
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concentration region. This observation correlates to the previous results quite well and 

suggests that the pigment distribution at the high melamine concentration area is quite 

low. 

i 
Primer Layer 

Melamine Enriched Zone 

HDG Steel Substrate 

I 
(a) Optical image of the white cross-section 
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(b) CRM surface mapping near the particle' (white lines show the layer boundaries) 
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(c) Raman spectra collected at the positions as indicated in (b) 

(d) Raman intensity map of the white cross-section 
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(e) Distribution of RatoMEL through the white cross-section 
Figure 8.9 Lateral scanning of the white cross-section 
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The lateral scanning pathway through the `particle' is shown in Fig. 8.9a with a dark 

blue dotted line. The Raman intensity map is shown in Fig. 8.9d; this map is different 

again from Figs. 8.2a, 8.3a, 8.7a and 8.8b because here the Raman intensity of the 

various bands is plotted from several spectra taken along the dotted line. It can be 

observed that the `particle' region contains significantly higher melamine 

concentration. The RatioAIEL lateral profile is plotted in Fig. 8.9e and it can be seen that 

there is no melamine in the curing resin layer (as expected), moderate melamine 

concentration (RatioMFZ 1.7) in the white coating layer and significantly higher 

melamine concentrations (RatiotifEJ, ft 3.5) in the `particle' region. Moreover, different 

layers can also be distinguished using the RatiovfEý values as indicated in Fig. 8.9e (NB: 

the high value of RatiosjEL in the primer is due to signal fluctuation). 

Similarly, a `grey particle' with a diameter of -8µm is also observed in the 

cross-section of the red coating, as shown in Fig. 8.10a. It is observed from Fig. 8.10b 

that the Ratio, &MEL profile obtained by lateral scanning through the `particle' in the red 

cross-section starts increasing from the curing resin/red coating boundary (i. e., the 

surface of the coil coating) and reaches a maximum value of -5. Similar to the 

observation from the CRM surface mapping of the red coil coating (Fig. 8.6), the 
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pigment Raman intensity in the high melamine concentration region as observed in Fig. 

8.1Oa is found to be lower than that in the normal regions. 

Therefore, it can be generally concluded from the above findings that the melamine 

enriched zones give unique optical features; this is primarily due to the lower pigment 

concentration in these areas. Moreover, as demonstrated in a previous paper (Zhang et 

al., 2008b), the pigment band can be observed even when the Raman laser is focused 

on the surface of a multi-layer coil coating sample (a polyester/melamine clear coating 

on the titanium dioxide pigmented polyester/melamine coating). Thus it is also quite 

possible that the melamine enriched regions contains no pigment; the observation of 

pigment bands with lower Raman intensity is due to the laser refraction at the deeper 

layer throughout the clear particles (melamine enriched zones). The detailed 

mechanisms for the observation of melamine enriched zones is not clear, a possible 

explanation is that phase separation occurred during the curing process. After the 

mixing of the resin and pigment, there will be molecules of polyester resin that are 

associated with pigment and molecules that are not. Those that are not are free to react 

with melamine; but once reacted; the melamine could be available to react with the 

next most likely candidate. If this happens to be another melamine molecule because 

the stochiometric concentration of this material is higher then this will reduce the local 

concentration of melamine and so more will migrate into this zone giving even more 

opportunities to increase the melamine concentration and further self-condensation. 

Thus the exclusion of the pigment particles and phase separation as observed is more 

of an indirect consequence of the processes that are on going during cure. 
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(a) The optical image of the red cross-section 

Melamine Enriched Zone 
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(b) Distribution of RatioMEL through the red cross-section 
Figure 8.10 Lateral scanning of the red cross-section 

In summary, the melamine enriched regions with less pigment concentration are 

observed from both the surface and deeper parts of the coatings. A clearer image is 

obtained from the sample cross-sections. Generally, the melamine enriched zones 

appear like `particles' with sizes of around 5-8µm in diameter distributed randomly 

throughout the coating. The RatioMEL values obtained by different methods are 

summarised in table 8.3; they are generally consistent (the data from the red coating 

shows larger errors due to the low laser power used, as discussed above). Moreover, it 

should be emphasised that as the melamine/polyester ratio (Ratio, AIFJ, ) is based on the 

relative Raman spectral intensity ratio of the two bands (melamine band and polyester 
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band); they can not be correlated to the actual weight ratio of the melamine and 

polyester resins used according to the coating formulation. However, the Ratioti, EL 

obtained at the normal regions can be considered as the reference and then compared 

with the RatioMEL obtained at the high melamine concentration regions. According to 

table 8.3, the RatioMEL in normal regions has a value of approximately 1.5 while the 

high melamine concentration region has a value of 3-5. This indicates the high 

RatioMEL regions have more melamine molecules (more precisely, higher ratio of 

melamine molecules to polyester molecules) than that in the normal regions. 

Table 8.3 Summary of RatioMEL 

Sample Analytical 

Method 

Ratio, 11ft 

(high)' 

Ratio4, EL Ratioti, EL(high) 

lRatiouEL 

Clear Surface mapping 3.4 1.5 2.3 

White Surface mapping 2.95 1.3 2.3 

Red Surface mapping 5.0 1.5 3.3 

Clear Depth profiling 3.4 1.5 2.3 

White-CS2 Lateral scanning 3.5 1.7 2.1 

Red-CS Lateral scanning 5.0 2.0 2.5 

1: RatioM,; L (high): the high RatioM,., value obtained from the melamine enriched regions. 

2: CS refers to Cross-Section sample. 

8.3.2 Observation of Melamine Enriched Zones in Coil Coatings after Exposure to 

Various Weathering Conditions 

8.3.2.1 Florida 1 Year Exposure 

The optical images of melamine enriched zones as observed from the white (CW9222) 

and clear (CW9228) coatings are shown in Fig. 8.11 a (the melamine enriched zones 

are highlighted with the circle). The melamine enriched zones show similar features to 

that observed from the unweathered coil coatings. The CRM spectra collected at the 

normal and melamine enriched zones in the white and clear coatings are shown in Figs. 

8.1 lb and c. It is observed that the Raman spectra collected at the melamine enriched 

zones show significant higher melamine band (980cm-') intensity. 
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(a) Optical images of the white coating (left) and clear coating (right) 
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(b) CRM spectra collected at the normal and melamine enriched zones in white coating 

(c) CRM spectra collected at the normal and melamine enriched zones in clear coating 
Figure 8.11 Melamine enrichment in coil coatings after 1 year Florida exposure 
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8.3.2.2 QUV-A-3000Hrs Exposure 

The melamine enriched zones are also clearly observed from the optical images of 

white and clear coatings after 3000 hours QUV-A exposure, as shown in Fig. 8.12a. 

Several melamine enriched zones observed are also marked in Fig. 8.12a. The CRM 

spectra collected at the normal and melamine enriched zones suggest higher melamine 

concentration within the melamine enriched zones. Therefore, the melamine enriched 

zones possessing higher melamine concentration can be observed even after 3000 hour 

QUV-A exposure. This observation suggests the melamine enriched zones may show 

better durability than the normal regions. One possible explanation is that the 

melamine enriched zones have a higher cross-linking density which resists moisture 

permeation; so that the moisture enhanced photo-oxidation degradation is effectively 

inhibited. Moreover, as these zones contain more melamine molecules than the normal 

regions; the melamine enriched zones may have more melamine cross-linker to 

sacrifice during the weathering. 

(a) Optical images of the white (left) and clear (right) coatings (green marks highlight melamine 
enriched zones) 
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(b) CRM spectra collected at the normal and melamine enriched zones in white coating 
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(c) CRM spectra collected at the normal and melamine enriched zones in clear coating 
Figure 8.12 Melamine enrichment in coil coatings after 3000 hours QUV-A exposure 

Another observation from Fig. 8.12b is that the white coating shows higher 

amine/amide band (1600cm') intensity in the Raman spectra collected in the melamine 

enriched zones when compared to the CRM spectra collected in the normal regions. 

However, this feature is not observed from the clear coating (Fig. 8.12c). This may 

indicate that the titanium dioxide pigment catalyses the photo-oxidation degradation of 

the binder resin in the coating; moreover, the melamine enriched zones are more 

degraded compared to the normal regions. One possible explanation for this 
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observation is that due to the photo and moisture sensitivity of the melamine (ring and 

side groups), the melamine enriched zones may be more likely to be degraded 

(cleavage of melamine ring and/or side groups) through the radical mechanisms than 

the normal regions resulting in higher amine/amide band intensities (Fig. 8.12b). As no 

titanium dioxide pigment is incorporated in the clear coating, the melamine 

degradation is not affected by extrinsic factors (e. g. titanium dioxide photoactivity). 

Thus, similar amine/amide band intensities are observed from the Raman spectra 

collected within normal and melamine enriched regions (Fig. 8.12c). 

8.3.2.3 Hainan andAllunga 2 Years Natural Exposures 

The melamine enriched zones are also clearly observed from the white coating (this 

white coating is also referred to as CW8577 in chapter 5) surfaces after 2 years Hainan 

and Allunga natural exposures. The melamine enriched zones are highlighted in the 

circles in Fig. 8.13a. The CRM spectra collected from both normal and melamine 

enriched zones are shown in Fig. 8.13b. 

It is generally observed that the melamine enriched zones illustrate unique optical 

features (Fig. 8.13a) and show higher melamine ring band (980cm-') intensities than 

the normal regions in the Raman spectra (Fig. 8.13b). This observation is consistent 

with the findings described above and indicates the titanium dioxide pigment may 

catalyse the binder resin degradation, especially within the melamine enriched zones 

due to the high concentration of the sensitive melamine groups. 

(a) Optical images of white coating exposed in Hainan (left) and Allunga (right) 
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(b) CRM spectra collected at the normal and melamine enriched zones in white coating 
(CW8577) exposed in Hainan and Allunga 

Figure 8.13 Melamine enrichment in coil coatings after 2 years Hainan and Allunga exposures 

In summary, the melamine enriched zones can still be clearly observed from coil 

coatings after exposure to various weathering conditions. The melamine enriched 

zones contain higher melamine concentrations than the normal regions after 

weathering. This suggests that the melamine enriched zones may have better durability 

than the normal regions. However, the observations from the white coating after 3000 

hours QUV-A and 2 years Hainan/Allunga exposure suggests that the melamine 

enriched zones are in fact more likely to be degraded by radicals. Thus, the higher 

melamine concentration observed from the melamine enriched zones after weathering 

may be due to the fact that these regions initially contain more melamine molecules to 

sacrifice. 
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8.4 Conclusions 

The melamine distribution in three polyester-melamine coil coating systems has been 

successfully analysed by CRM. This technique has been demonstrated to be very 

suitable to study the distribution of functional groups in coil coatings. CRM mapping 

at the coating surface together with depth/lateral profiling throughout the coating 

thickness provide a general 3-D view of the melamine enrichment in the 

polyester-melamine coil coatings. The localised melamine enriched regions are found 

in all of the coatings at both surface and deeper regions; a clearer view is obtained only 

from the cross-sections. Their distribution is found to be generally random throughout 

the coating thickness. The pigments incorporated in the paint formulation do not 

appear to affect the melamine enrichment. The sizes of the melamine enriched zones 

range from approximately 5 to 8µm in diameter and the RatiowIll value in the 

melamine enriched zone is -2 times higher than that of the surrounding regions. The 

melamine enriched zones can also be clearly observed in the coating after weathering. 

They possess higher melamine concentration even after long exposure. 

We believe this is the first time that the formation of discrete zones of melamine self 

condensate have been characterised in such detail throughout the thickness of a 

polyester-melamine coil coating. The findings in this work are in good correlation with 

the theory and models of the melamine self-condensation that have been previously 

developed. The different optical features of the melamine enriched zone especially in 

the pigmented coatings are possibly due to the compact cross-links formed during 

curing process restricting the pigment particles incorporation. All of the above findings 

suggest a different phenomenon from the melamine segregation on the coating surface 

that has been previously investigated using surface sensitive techniques such as 

ATR-FTIR or XPS. 
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The formation of these melamine self-condensation zones has only just been observed 

and so the effect of the components on the melamine self-condensation is not clear. 

However they do seem to be related to the presence of strong bases. Perhaps self 

condensation is encouraged by a lack of catalyst. A forthcoming paper will discuss the 

evidence for a greater crosslink density and the effects that the zones have on 

mechanical and durability properties. 
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9 Summary and Future Works 

Initially, a series of coil coatings exposed in Hainan, PRC for two years showed 

unexpectedly poor durability. To investigate this phenomenon, various spectroscopic 

and microscopic techniques were applied to elucidate the possible degradation 

mechanisms. It was primarily found that the pigmentation in the coating formulation 

had a significant impact on the coating surface morphology and durability. Moreover, 

some pigments were found to catalyse coating degradation. 

To investigate this further, two series of coil coatings were prepared and exposed to 

different weathering conditions with the aim of investigating the effects of pigment and 

weathering conditions (e. g., UV light; moisture; acid rain; etc. ) on coating durability. It 

was found from this study that lead chromate and titanium dioxide pigments were 

more sensitive to weathering. The weathering conditions, especially acid rain, had a 

significant impact on the coating durability; moreover, the pigment catalytic properties 

were also found to be affected by the weathering conditions. For example, high UV 

light intensity and high moisture/frequent acid rain promoted the photo-activity of 

titanium dioxide and oxidative reactions of lead chromate. To explain this observation, 

laboratory acid etching experiments were performed to investigate the mechanisms of 

acid etching, as well as the effect of pigment on the acid etching resistance of coil 

coatings. It was found that all inorganic pigments catalyse the acid etching degradation 

of coil coatings, possibly due to the hydrophilic nature of the pigment particles 

assisting the acid permeation within the coil coating. Moreover, it was also found that 

lead chromate was more likely to catalyse binder resin degradation in an acidic 

environment. 

Clearly, the acid solution has a significant impact on the coating durability. Coil 

coatings exposed under natural environmental conditions in different locations around 

the world were also investigated to find out how coating durability varies. It was found 

that the coatings degraded more rapidly in locations with high temperature, high 
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intensity UV light and especially frequent acid rain; moreover, surface defects 

associated with acid etching showed more degradation. This is very well correlated to 

the laboratory acid etching results and suggests the acid etching is actually happening 

when coating are exposed to the atmosphere. Lead chromate was again found to 

catalyse the coating degradation especially within the localised acid etching regions 

observed after natural weathering exposure. 

All of the above results point to the fact that besides the traditional coating degradation 

mechanisms, the effect of pigment and acid rain on the coating durability should also 

be considered. Hence a high durable resin system may fail to achieve its expected 

service life time due to the effect of pigments and the local environmental conditions. 

Advanced spectroscopic techniques (i. e., SSPA-FTIR and CRM) were also 

successfully applied to the molecular distribution and degradation depth profiling 

studies of coil coatings. It was primarily found that more degradation occurred near the 

coating surface region; possibly due to moisture enhanced photo-oxidation degradation 

mechanism. The deeper regions of the coatings showed better durability as moisture 

permeation was effectively inhibited. Localised melamine enriched zones were 

observed both on the surface and in the deeper regions of the coil coatings - we 

believe that this is the first time that these zones have been characterised in such detail. 

The observations were found to correlate well with the theory and hypotheses 

constructed over 20 years in the coil coating industry. It was also found that these 

regions showed higher melamine concentrations even after long term weathering. This 

work also suggests that the SSPA-FTIR and CRM techniques are particularly suitable 

for analysing molecular/degradation distribution profiles in coil coatings. Thus, they 

have great potential to be used to investigate other similar knowledge gaps left in coil 

coating research areas. 
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A number of the findings in this work have not previously been reported; hence many 

areas for future work can be suggested. A number of more important areas for 

investigation are highlighted below. 

(1) Coatings involved in this work (exposed for only 1 year) can be exposed for 

longer period to produce more reliable data. 

(2) As the pigments are found to catalyse the coating degradation, more types of 

pigments with different concentrations can be employed in the coating 

formulations. The coatings can be exposed under different weathering conditions 

to build up a general guild line of the sensitivity of pigment to the environment. 

(3) More detailed acid etching mechanisms of the coil coatings can be investigated. 

For example, different types and concentrations of acids can be applied on the 

coatings at different temperatures. 

(4) Further depth profiling studies of degradation in the coil coating exposed in 

different weathering conditions (e. g., UV light intensity, moisture level, 

temperature) can be carried out. 

(5) Further studies on the melamine enrichment in the polyester/melamine coil 

coating can be carried out to find out the factors affecting the melamine 

self-condensation, as well as the durability and mechanical properties (i. e., 

Nanoindentation) of the melamine enriched zones in the coating. 

(6) More spectroscopic and/or microscopic techniques such as XPS, ToF-SIMS, and 

AFM/SEM can be applied on the durability studies of coil coating in order to 

achieve a better understanding of the coating properties and performances. 

(7) Combining CRM with other micro testing techniques (e. g., Nanoindentation) to 

investigate the relationship between the chemistry and mechanical properties of 

coil coating down to small volume (-Iµm3). 
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Appendix I General CRM Working Principle 

The major components of a CRM instrument are Raman laser, laser excitation pinhole 

aperture, confocal pinhole aperture and detector (shown in Fig. A. 1). The working 

principle of CRM can be briefly described as follows: firstly, the Raman laser is 

focused down to a small volume (of the order of I µm3 in the air) and exposed to the 

sample; the scattered Raman signal goes through the confocal pinhole aperture before 

reaching the detector. The confocal pinhole aperture refracts the out of focus Raman 

scattering; therefore, only in-focus signals can reach the detector. This capability 

allows an "optical sectioning" of the sample; the depth profile can be acquired without 

any sample preparation. 

Figure A. 1 Schematic of CRM working principle 
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Appendix II Band Assignment 
Band assignments in this thesis are based on both literature and IR/Raman spectra of 

the standard coating samples, as shown below. 

Infrared Spectroscopy Band Assignment: 

Fig. A. 2a shows the transmission IR spectra of cyclohexane and aromatic polyesters 

used in the coil coatings under investigation in this work. It is observed that the IR 

band position and intensity of the same functional groups (e. g., C=O; C-O; and C-H) 

in cyclohexane and aromatic polyesters are different. Moreover, the bands (- 1600cm"', 

1000cm' and 750cm 1) that only appear in the IR spectrum of the aromatic polyester 

can be assigned to the aromatic ring and/or vibration of H atom attached to the 

aromatic ring. Thus, Fig. A. 2a helps to indentify the polyester related bands in 

PA-FTIR spectra of the polyester/melamine coil coatings under investigation in this 

work. 

The transmission IR spectra of the melamine cross-linking agents used in this work are 

shown in Fig. A. 2b. Similarly, it helps to indentify the melamine related bands in 

spectra of coil coatings under investigation in this work. The bands at 3700-3100cm"1 

spectral region can be assigned to NH vibration as the only difference between the two 

cross-linking agents is the amino ratio. 

Figs. A. 2c and A. 2d show the PA-FTIR spectra of coil coatings based on the 

BeckryTech resin system but different polyester to melamine weight ratios. This helps 

to identify the origin of melamine bands (e. g., ring and side group vibrations). It is 

observed from Fig. A. 2c that the intensities of bands at 3200cm-' (broad), 1550cm-1, 

1080cm-1,910cm"1, and 815cm- ' increases with the weight ratios of melamine resins 

employed in the coating formulations. Thus, they can be assigned to the melamine 

cross-linking agents in the coil coating. Fig. A. 2d shows the PA-FTIR spectra obtained 

from coil coatings cured at different peak metal temperature (PMT). The intensities of 

1080cm 1 and 910cm' bands increases with the decreasing PMT; this indicates the two 
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bands are associated with the methoxy side groups attached to the HMMM molecules 

as more methoxy groups should be theoretically cross-linked with polyester at higher 

PMT during the curing process. 

The detailed IR band assignments for polyester (table A. 1) and melamine (table A. 2) 

under investigation in this work are also summarised according to both the literature 

and experimental results shown in Fig. A. 2. 
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(d) PA-FTIR spectra of clear coat cured at different PMT (e. g., 232°C) 

Figure A. 2 Reference IR spectra of standard coating samples 
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Table AA IR band assignment of polyester (Bellamy, 1968 and 1975; Socrates, 1980) 

Band Position (cm"') Assignment 

3800-3000 C-H Vibration 

3000-2800 O-H Vibration 

1730 C=O Vibration 

1600+1580 Aromatic ring Vibration 

1500-1300 C-H Vibration 

1300-900 C-0 Vibration 

740+710 Bending Vibration of H attached to the aromatic ring 

Table A. 2 IR band assignment of melamine (Dollish et al., 1974; Orville-Thomas, 1959; Jones 

and Wang, 1997; Larkin et al., 1998; Marchewka, 2002 and 2004) 

Band Position (cm"') Assignment 

3800-3050 N-H Vibration 

3050-2700 C-H Vibration 

1555 Triazine Ring + Side Chain C-N and C-H Vibrations 

1500-1200 C-H Vibration 

1200-850 C-O Vibration 

1080+910 Residual Methoxy C-O Vibration 

815 Triazine Ring Vibration 

Fig. A. 3 shows the reference PA-FTIR spectra of pigments employed in the 

polyester/melamine coil coatings under investigation in this work. This helps to 

indentify bands associated with the pigment in PA-FTIR spectra of coil coatings. 

254 



Appendix 

ttcma YýIlow Pigment 
35- 

25- 

15- 

10- 

5- 

4000 

/ 
! \`ý 

ý 

1,1 

Iý 

ý 

1000 2000 
Wavenumbers (cm-1) 

(a) PA-FTIR spectrum of Homa Yellow pigment 

28-Solipur Yellow Pigment 

24- 

22- 

18- 

16- 

14- 

12- 

10- 

8- 

4000 

J' 

i 
ý ý'ti 

3000 2000 1000 
Wavenumbers (cm-1) 

----------- -- 

(b) PA-FTIR spectrum of Solipur Yellow pigment 

I 

ýi 

i 
i 
II 

ýI 

1 

I 

ý'" 

ýI 
ý 

255 



Appendix 

40-Titanium Dioxide Pigment ý rýý 
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30-Organic Blue Pigment 
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. 
Strontium Chromate Figment 
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(g) PA-FTIR spectrum of strontium chromate pigment 
Figure A. 3 Reference PA-FTIR spectra of pigments 
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Raman Spectroscopy Band Assignment: 

Similar to the IR band assignment method, the Raman band assignments for polyester 

(table A. 3) and melamine (table A. 4) are summarised according to both literature and 

experimental results shown below (Fig. A. 4) 
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(d) Raman Spectra of dear coat cured at different temperature 
Figure A. 4 Reference Raman spectra of standard coil coating samples 

Table A. 3 Raman band assignment of polyester (Dollish, 1974; Siesler, 1980; Kister et al., 
1997) 

Band Position (cm-1) Assignment 

3100-2600 C-H Vibration 

1730 C=O Vibration 

1610 Aromatic Ring Vibration 

1400-1200 C-H Vibration 

1115+1045 C-O Vibration 

1000 Bending Vibration of H Attached to the Aromatic Ring 

970-840 C-H Vibration 

800 Cyclohexane Ring Vibration 

750+660 Aromatic Ring Vibration 

260 



Appendix 

Table A. 4 Raman band assignment of melamine (Scheepers et al., 1995; Larkin et a/., 1998; 
Marchewka, 2002 and 2004) 

Band Position (cm-) Assignment 

3500-3100 N-H Vibration 

3100-2700 C-H Vibration 

1550 Melamine Side Group C-N Vibration 

1450 C-H Vibration 

1390+910 Residual Methoxy C-O Vibration 

1150+1090 C-O Vibration 

975 Triazine Ring Vibration 

Fig. A. 5 shows the reference Raman spectra of pigments employed in 

polyester/melamine coil coating under investigation in this work. This helps to 

indentify pigment bands in Raman spectra of coil coatings. 
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Bobpur Yellow 
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Figure A. 5 Reference Raman spectra of pigments 
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Appendix III Supplementary Data 

The surface morphology of BT -R coating is shown in Fig. A. 6a (standard) and Fig. 

A. 6b (unwashed). The surface features of BT -R coating (standard/unwashed) are 

similar to that observed from BT -Y and BT -13 coatings shown in chapter 4. 
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Figure A. 6 Supplementary SEM micrographs 
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Fig. A. 7 shows the PA-FTIR spectra of the coatings after water immersion and drying. 

It is observed that after immersing the standard BT -Y coating sample in water at both 

room temperature and 50°C for two days, no increase of hydroxyl band intensity 

(3700-3000cm-') is seen. Moreover, the BT YW coating shows no decreasing 

hydroxyl band intensity in spectra after drying at 100°C in oven for two hours. 

Therefore, the high hydroxyl band intensity observed in BT -Y coatings after 

weathering (in chapter 4) is not due to the absorption of moisture. Extensive coating 

degradation should be responsible for the increased hydroxyl group in the weathered 

BT -Y coatings. 

31-Y-Immersed in Water for Two Days at doom Temperature 

14 BT-Y-Immersed in Water for Two Days at 50°C 
'BT-Y-W-Dried for 2 hours at 100°C 

13- 

12- 

11- 

10 

9- 

Figure A. 7 PA-FTIR spectra of BT -Y coating after immersing in water and drying 

Fig. A. 8 shows the acid etching of the red coating with 0.4% of HALS. The 

observations are similar to that observed from the red+white coating shown in chapter 

6. 
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Figure A. 8 PA-FTIR spectra of the red coating before and after acid etching 

Fig. A. 9 shows the Raman spectra of the CW8576 coating before and after the 

worldwide exposures. It is observed that more degradation occurs when the coating is 

exposed in Guangzhou, Singapore and Hainan. The results are similar to that obtained 

from the CRM spectra of CW8554 (bright yellow) coating shown in chapter 7. 
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'C4V8576-STD 
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Figure A. 9 CRM spectra of CW8576 (Yellow) coating after 2 years worldwide natural 
exposures 
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Appendix IV SEM/EDS (Energy Dispersive Spectroscopy) 

EDS was carried out using JEOL JSM 6300 (Japan) instrument with an EDS accessory 

(Oxford, UK) with 10keV electron beam energy (5keV was also used for special cases, 

e. g., surface charging). EDS data shown below for each sample includes a elemental 

quantification table (Weight% and Atomic%) and elemental sum spectrum (sum of 

elements found from the sample surface). Only EDS analyses of the BeckryTech and 

BeckryPol blue and yellow coatings are shown here. 

No. 1 BeckryTech-Blue Standard 

Element Weight% Atomic% 

CK 64.10 74.08 

22.81 

0.14 

0.81 

OK 26.30 

Al K 0.28 

Si K 1.64 

Element Weight% Atomic% 

SK 0.07 0.03 

Cl K 0.05 0.02 

Ti K 6.27 1.82 

Cu L 1.30 0.28 
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No. 2 BeckryTech-Blue-Unwashed 

Element Weight% Atomic% Element Weight% Atomic% 

CK 54.12 67.13 SK 0.07 0.03 

OK 29.09 27.08 Cl K 0.18 0.08 

Na K 0.17 0.11 KK 0.05 0.02 

Mg K 0.04 0.02 Ca K 0.02 0.01 

Al K 0.53 0.29 Ti K 11.12 3.46 

Si K 2.28 1.21 Fe K 0.24 0.06 

PIK 0.04 0.02 Cu L 2.06 0.48 

. -=T. _ _T. _r -. _ _. ___ý 
0123456 
LA Scale 34216 ds Cursor: 4.491 keY (6444 cis 
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Conclusion for No. 1 and No. 2: 

1. Decrease of C and increase of 0 indicates coating surface was oxidized. (Dirty 

particles also contain 0) 

2. Increase of Si - dirt (agree with previous study) 

3. Increase of Al - dirt (dirty particles contains Al, this is in agreement with previous 

study) 

4. K, Ca, Na, Mg, and Cl - dirty (Na, Ca can be from NaCI, CaCI2) 

5. Fe - dirt 

6. P-dirt 

7. Increase of Ti Cu - pigment exposure 

No. 3 BeckryTech-Blue-Washed 

Element Weight% Atomic% 

CK 60.07 72.01 

OK 26.08 23.47 

Al K 0.39 0.21 

Si K 1.71 0.88 

PK0.05 0.02 

SK0.07 0.03 

Element Weight% Atomic% 

Cl K 0.20 0.08 

Ca K 0.02 0.01 

Ti K 9.46 2.84 

Fe K 0.07 0.02 

Cu L 1.90 0.43 
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Conclusion for No. 3: 

1. Increase of C, decrease of 0 comparing with BT-Y-UW coating indicates the 

removal of dirt (dirt contains 0) 

2. Reduction of Si, Mg, Na, Ca, and Cl suggests dirt particle was removed after 

washing process 

3. Reduction of Fe - dirt particles were removed 

4. Ti and Cu - still higher than standard sample, but lower than unwashed sample 

which indicates the removal of pigment after washing 

5. Decrease of Si - removal of dirt 

270 



Appendix 

No. 4 BeckryTech-Yellow-Standard 

Element Weight% Atomic% 

CK 43.22 67.53 

OK 22.19 26.02 

Na K 0.09 0.08 

Al K 0.25 0.18 

Si K 1.25 0.83 

PK0.24 0.15 

Element Weight% Atomic% 

Cl K 0.39 0.21 

Ca K 0.25 0.12 

Ti K 2.41 0.95 

CrK 4.64 1.67 

Pb M 25.07 2.27 

Conclusion for No. 4: 

1. Pb Cr - pigment (lead chromate) 

2. Na, Ca, P, Cl comes from surface contaminates 

3. Note: Cl detection here may not correct as Pb has a peak in the same region 
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No. 5 BeckryTech-Yellow-Unwashed 

Element Weight% Atomic% 

CK 33.33 55.64 

OK 27.97 35.06 

Na K 0.15 0.13 

Mg K 0.07 0.06 

Al K 0.57 0.43 

Si K 2.22 1.58 

Pb M 24.55 2.38 

Element Weight% Atomic% 

PK0.39 0.25 

Cl K 1.29 0.73 

Ca K 0.10 0.05 

Ti K 2.88 1.20 

Cr K 6.26 2.41 

Fe K 0.21 0.07 

Conclusion for No. 5: 

1. Fe, Ca, C1, Na, and P- dirt pick up 

2. Increase in Pb, Ti, and Cr - pigment exposure 
No. 6 Beckry Tech-Yellow-Washed 

Element Weight% Atomic% 

CK 34.28 58.01 

OK 25.57 32.49 

Na K 0.12 0.11 

Al K 0.47 0.35 

Si K 2.11 1.53 

PK0.30 0.20 

Element Weight% Atomic% 

Cl K 1.47 0.85 

Ca K 0.12 0.06 

Ti K 2.88 1.22 

CrK 6.73 1.61, 

Pb M 25.93 2.54 
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Conclusion for No. 6: 

1. Increases of C, decrease of 0 -removal of dirt 

2. No Mg and Fe observed - surface cleaning 

3. Other comments are similar 

No. 7 BeckryPol-Yellow-Standard 

Element Weight% Atomic% 

CK 48.41 

OK 21.94 

Al K 0.19 

Si K 1.23 

PK 0.28 

70.82 

24.10 

0.12 

0.77 

0.16 

Element Weight% Atomic% 

Ca K 0.12 0.05 

Ti K 2.16 0.79 

CrK 4.00 1.35 

Pb M 21.67 1.84 
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No. 8 BeckrvTech- Yellow-Unwashed 

Element Weight% Atomic% Element Weight% Atomic% 

CK 37.22 59.45 PK 0.35 0.22 

OK 26.32 31.56 Ca K 0.08 0.04 

Na K 0.18 0.15 Ti K 2.47 0.99 

Mg K 0.06 0.05 Cr K 5.64 2.08 

Al K 0.62 0.44 Fe K 0.32 0.11 

Si K 4.13 2.82 Pb M 22.61 2.09 

Conclusion for No. 7 and No. 8: 

1. Increase of 0 (dirty particles or oxidation), decrease of C 

2. Na - dirty particles or surface contamination 

3. Increase of Al - part from Ti02, part from dirty particles 

4. Increase of Si - part from silica matting agent, part from dirty particles 

5. Increase of Ti - pigment exposure 

6. Increase of Pb Cr - pigment exposure 

7. Fe Mg - dirty particles 
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No. 9 BeckrvPol- Yellow- Washed 

Element Weight% Atomic% Element Weight% Atomic% 

CK 37.21 60.24 PK 0.34 0.21 

OK 25.53 31.03 Ca K 0.18 0.09 

Na K 0.14 0.12 Ti K 2.75 1.12 

Al K 0.44 0.31 Cr K 5.62 2.10 

Si K 3.66 2.53 Pb M 24.21 2.27 

.......... 072345 ti öy lu I 

rum Scale 16433 ds Cursa 9900 keV (0 ds) keVJ 

Conclusion for No. 9: 

Dirty particles were cleaned by washing, similar with BeckryTech-Yellow-Washed 

coating 

No. 10 BeckrvPol-Blue-Standard 

Element Weight% Atomic% Element Weight% Atomic% 

CK 69.12 77.35 PK 0.02 0.01 

OK 24.58 20.65 SK 0.07 0.03 

Mg K 0.02 0.01 Ti K 4.01 1.12 

Al K 0.18 0.09 Fe K 0.09 0.02 

Si K 1.18 0.56 Cu L 0.74 0.16 
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No. 11 BeckryPol-Blue-Unwashed 

Element Weight% Atomic% Element Weight% Atomic% 

CK 62.50 72.58 SK 0.09 0.04 

OK 27.29 23.80 Cl K 0.12 0.05 

Mg K 0.05 0.03 KK 0.06 0.02 

Al K 0.59 0.31 Ti K 5.20 1.51 

Si K 2.68 1.33 Fe K 0.47 0.12 

PK 0.03 0.02 Cu L 0.92 0.20 
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I Ltýmcnk 51884 rti Ci xwe 9 94° ko\- i II zt- i 

Conclusion for No. 10 and No. 11: Similar with observations from BeckryTech-Blue 

standard and unwashed coatings 

No. 12 BeckryPol-Blue- Washed 

Element Weight% Atomic% Element Weight% Atomic% 

CK 66.95 75.91 SK 0.07 0.03 

OK 25.35 21.58 Cl K 0.11 0.04 

Al K 0.27 0.14 Ti K 4.35 1.24 

Si K 1.59 0.77 Fe K 0.17 0.04 

PIK 0.05 0.02 Cu L 1.08 0.23 
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Conclusion for No. 12: 

1. Decrease of O, Al, Si indicates removal of dirt particles after washing 

2. Decrease of Fe and Mg indicates dirty particles were removed 

3. Ti and Cu - pigment exposure 
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Appendix V Error Evaluation of the IR and Raman 

Quantification Methods 

PA-FTIR and SSPA-FTIR 

The peak area and peak height ratio measurements all have errors arising from several 

factors including the instrument calibration, variations of signal intensity and baseline 

or band region selections, etc. To verify the accuracy of the peak height and peak area 

measurements, 10 spectra were collected from the same sample at different time with 

different signal intensities; the peak area and height ratio was then measured. It was 

found for the peak area measurement, the error is about ±1.107%; for the melamine 

peak height measurement, the error is about ±0.675%; for the amine/amide peak height 

measurement, the error is about ±1.096% 

CRM 

As the CRM depth profiling and surface mapping were collected with one continuous 

process, the error arising from the instrument calibration is not significant. The 

variation of band area ratio values measured at different sampling point is believed to 

mainly arise from the laser signal variation. The error of the band area ratio 

measurement is also evaluated with 10 Raman spectra collected at different sampling 

points on the same coating surface and is about ±2.065%. 

It also has to note that the actual value of each data point is not showing exactly the 

quantity of the corresponding functional groups in coating; the idea is to show the 

trend of the coating degradation (i. e., comparing the degradation in different coatings 

and/or at different sampling depths) or functional group distribution in the coating. The 

trend lines are only guidelines. Due to the consideration of time spent on spectra 

collection (e. g., 5 and 35 minutes for PA-FTIR and SSPA-FTIR respectively, and hours 

for CRM depth profiling/surface mapping), the data points for the following IR and 

Raman quantifications are based on one measurement in one spectra. However, the 
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error for the band ratio measurements shown in the following chapters is expected to 

be similar to that evaluated above as the consistency of the IR and Raman spectra is 

relatively good. 
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