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ABSTRACT 
Solvent-borne thermally cured coil-coating resins contain large amounts 

of volatile organic solvents in order to obtain suitable flow for film application. 
This work describes how the expensive and environmental hazardous volatile 
organic solvent content of a solvent-borne thermally cured polyester/melamine 
coil-coating system can be reduced by introduction of fatty acid methyl esters 
(FAMEs) as reactive diluents and modification of the polyester binder resin. The 
evaluated reactive diluents, two rape seed methyl esters (RMEs), two linseed oil 
methyl esters (LMEs), and a tall oil methyl ester (TOME) have been evaluated both 
in a fully formulated clear-coat system and via model studies.  

Viscosity measurements of wet paint mixtures showed that formulations 
with hyperbranched polyester binder hold lower viscosity than conventional 
polyester binder resins and that FAME works as a diluent. Fully formulated clear-
coats were cured under simulated industrial coil-coating cure conditions and in a 
convection oven at lower temperatures respectively. FAME increases the mobility 
of the system enhancing the film formation process. Free-standing clear-coat films 
were analyzed with Raman, carbon-14 dating, extraction, dynamic mechanical 
analysis, and visual observation. Incorporation of FAME could not be confirmed 
by Raman analysis. However, carbon-14 dating indicated the presence of FAME 
that could not be extracted from the films. The mechanical properties of the films 
were also affected by the addition of FAMEs, oven temperature, choice of co-
solvent, and flash-off period. Conventional film characterization tests on substrate 
supported coatings indicated that binder resin structure and cure conditions affect 
the final film properties.  

Model studies were performed to clarify how FAME can chemically react 
through transesterification with the hydroxyl-groups of the polyester. The 
transesterification reaction between different FAMEs and primary alcohols with 
and without tertiary hydrogen was monitored with 1H-NMR and real time IR. 
Evaporation and side reactions, e.g. alkene reactions, are competing factors to the 
transesterification reaction. The study showed that fatty acid structure, reaction 
time, and temperature affect the transesterification conversion, degree of side 
reactions, and choice of catalyst. 

A pigmented fully formulated polyester/melamine formulation with a 
reactive diluent was cured at full scale in an industrial coil-coating production 
facility. Evaluation of the final film properties showed that the coating fulfills the 
specification of conventional polyester/melamine coil-coating systems. 



 

 

SAMMANFATTNING 
Lösningsmedelsburna och termiskt härdande bandlackeringsfärger 

innehåller stora kvantiteter dyra och miljöfarliga organiska lösningsmedel för att 
erhålla lämpliga reologiska egenskaper för applicering. Detta arbete beskriver hur 
lösningsmedelsinnehållet kan reduceras genom att använda fettsyrametylesterar 
(FAME) som reaktiv spädare och modifiera polyester-bindemedlet i ett 
lösningsmedelsburet och termiskt härdande polyester/melamin 
bandlackeringssystem. De använda reaktiva spädarna, två rapsmetylestrar (RME), 
två linoljemetylestrar (LME) och en talloljemetylester (TOME), har utvärderats 
både i ett komplett formulerat klarlackssystem och genom modellstudier.  

Reologiska mätningar på ohärdade färgformuleringar visar på att 
hyperförgrenade polyestrar har lägre viskositet än konventionella polyestrar samt 
att FAME späder färgsystemet. Färgfilmer av kompletta klarlacksformuleringar 
har härdats under simulerade industriella härdningsförhållanden och vid lägre 
temperatur i en konvektionsugn. Tillsatts av FAME förbättrar filmbildningen och 
ökar antalet felfria filmer, eftersom mobiliteten i färgen ökar under torkförloppet. 
Fristående färgfilmer har analyserats med Raman-spektroskopi, kol-14-datering, 
extraktion, dynamisk mekanisk analys och genom visuella observationer. 
Inkorporering av FAME genom tvärbindning kunde inte verifieras med Raman-
analys. Kol-14-datering och extraktionsförsök visar dock på att FAME 
inkorporerats i färgfilmen. Även färgfilmernas mekaniska egenskaper påverkas av 
tillsatts av FAME, härdningsbetingelser, lösningsmedelsval och flash-off före 
härdning. Konventionella filmkarakteriseringstester av färgfilmer på substrat 
visar på att bindemedelsstruktur och härdningsförhållanden påverkar 
filmegenskaperna.  

För att förstå hur omförestring mellan FAME och hydroxyl-grupper i en 
polyester kan ske har modellstudier genomförts. Reaktion mellan FAME och 
primära alkoholer, med och utan tertiära väten, har studerats med 1H-NMR och 
realtids-IR. Avdunstning och sidoreaktioner, t.ex. alken-reaktioner, konkurrerar 
med omförestringsreaktionen. Studien har visat att fettsyrastruktur, reaktionstid 
och temperatur påverkar omförestringens omsättning, mängd sidoreaktioner samt 
val av katalysator.  

En pigmenterad polyester/melamin färgformulering med reaktiv spädare 
har härdats i en fullskalig industriell bandlackeringslina. Utvärdering av 
filmegenskaperna bekräftar att bandlackeringsfärgen uppfyller kraven för 
industriellt använda polyester/melamin bandlackeringsfärger. 
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1 PURPOSE OF THE STUDY 
Increased environmental awareness and governmental legislations during the past 
decades have resulted in an increased industrial interest to reduce the use of 
volatile organic compounds (VOC) in organic coatings. The use and subsequent 
emission of VOC is expensive and environmentally hazardous as it e.g. 
contributes to global warming. Solvent-borne thermally cured coil-coating resins 
contain large amounts of solvents in order to obtain suitable viscosity, flow 
behavior and wetting of the substrate for film application. During cure in large 
convection ovens, the solvent is evaporated and thereafter incinerated for energy 
recovery. The purpose of this work was to reduce the volatile solvent content in a 
solvent-borne thermally cured polyester/melamine coil-coating system. It is here 
proposed that a reduction in solvent content can be achieved by both introduction 
of reactive diluents and modification of the polyester binder resin. The main 
issues are how new resins and specific reactive diluents function and chemically 
react under the very special cure conditions associated with coil-coatings i.e. high 
cure speed, high temperature, and high material through-put. 
 
Fatty acid methyl esters (FAMEs) have been evaluated as reactive diluents as they 
generally have low viscosity, good solubility properties, and possess a functional 
group, the ester acyl moiety, which can react. Furthermore, if the reactive diluent 
could be derived from a renewable resource it would have twofold positive 
environmental impact since it would not only reduce the VOC content but also 
introduce a renewable material into the final film. Moreover, FAMEs are cheaper 
than many of the conventional solvents used today in coil-coating formulations. 
 
Reduction of the solvent content by exchanging conventional polyesters with 
hyperbranched polyester as the binder resin has also been studied. 
Hyperbranched polymers are known to exhibit lower viscosities than 
conventional polymers at equivalent molecular weights because their globular 
structure hampers chain entanglements.  
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2 INTRODUCTION 
2.1 COATINGS 

As early as 20-30 000 BC, mankind knew how to produce paint by mixing colored 
minerals, e.g. ferric oxide, and titanium dioxide, with blood, milk or sap. These 
old kind of paintings are still around for us to see, like for example rock-paintings 
such as the ones in the cave of Lascaux in France, Figure 1. The coating industry 
has developed vastly since then and a lot of research has been conducted and 
endless systems are sill to be evaluated. Coatings of today are not only used for 
decorative and aesthetic purposes but also for several other applications such as 
corrosion protection, impact and abrasion resistance, and hygienic properties.  
 

 
 
Figure 1. 17,000 years old rock-painting from the cave of Lascaux, France. Picture published with 
permission from the National Centre of Prehistory, France.1  

2.1.1 Components 

Paints are generally composed of an organic binder, volatile components, 
additives and in most cases pigments.2-4 The final coating, after application and 
evaporation of volatile compounds, consist of solidified binder and pigments. The 
solidification process can progress in several different ways, e.g. coalescence of 
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thermoplastic latex, air-drying of alkyds and chemical curing of two-pack systems 
such as phenolic/epoxy.  
 
Additives2, 3 are included in small quantities to modify different coating 
properties. Catalysts and driers are added to accelerate cure rates. The appearance 
of the coating can be improved with e.g. wetting agents, flow modifiers, 
dispersants, coalescent and film forming aids. Further, the film properties can be 
modified with inter alia plasticizers and stabilizers. These additives are often solid 
organic compounds in solution.  
 
Pigments2, 3, 5, 6 are generally insoluble compounds that are added to provide color 
and opacity. However, they can also supply other functions such as exterior 
durability, corrosion resistance, fire retardation, and mechanical strength.2, 3, 5, 6 
Extender pigments and fillers, e.g. talc and clay, do not give color, but are used in 
high quantities as they are cheap, and to add mechanical strength and to adjust 
the gloss. Titanium dioxide, carbon black, and iron oxide are commonly used 
colored pigments. Coatings with little or no pigments are transparent and called 
clear-coats.  
 
Volatile compounds2, 3 are used in paints to obtain desired flow and leveling for 
application and film formation. Evaporation rate of the volatile material during 
application and film formation is dependent on temperature, vapor pressure, 
surface/volume ratio, rate of air flow over the surface, and diffusion through the 
film.2, 3 Choice of volatile compound does not only influence the cure rate but can 
also affect film properties and aesthetic appearance.7 Too rapid solvent release 
entails poor wetting with subsequent adhesion problems and uneven films with 
surface defects like orange peel, and frothing. Uneven coatings with e.g. sag and 
curtain defects are obtained if the evaporation rate instead is too slow. Moreover, 
the solvency property of the volatile component must remain adequate 
throughout the entire film formation process to yield defect free films. Particularly 
important is that the final solvent released, i.e. the tail solvent, is a powerful true 
solvent, as mixtures of solvents often are utilized.  
 
The composition of the paint components is adjusted to obtain desirable coating 
properties to withstand use without damage. Coating application can be 
performed with several different methods depending on the flow properties of the 
paint and substrate to be coated. Industrial application techniques are e.g. by 
brush, large rollers, and air assisted spray.  
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2.1.2 Reactive diluents 

A reactive diluent4, 8, 9 is a compound that acts as a solvent in the liquid paint, 
lowering the viscosity, and further chemically reacts into the final film during 
cure. By introducing a reactive diluent, the solvent content and thereby the VOC 
content, of a paint can be reduced. To be able to act as a good diluent the reactive 
diluent must be compatible with the matrix and have low viscosity. The reactive 
diluent must also have a functional group that can react with the other coating 
components during cure. The functional groups must be of the right amount and 
reactivity to prevent in-can storage problems, retardation of the drying, and to 
avoid remains of non-reacted reactive diluent working as plasticizer in the final 
film. For high temperature applications, e.g. coil-coatings, the volatility must be 
low enough to prevent evaporation.  

2.1.3 Film properties 

Mechanical properties of coatings are not only related to the paint components but 
also to e.g. thickness, adhesion, heterogeneity, pigment volume concentration, 
modulus, and glass transition temperature (Tg).3 There are numerous different 
methods3 to evaluate film properties such as adhesion, abrasion, hardness, 
formability, exterior durability, deformation and chemical resistance. Hardness 
can be determined with pendulum tests, indentation, scratch resistance, and pencil 
hardness. Adhesion is commonly rated with cross hatch adhesion test, but also 
with direct pull test or wear of a penknife. Formability and flexibility at slow 
deformation rate are studied e.g. with Erichsen cupping, T-bend, and Mandrel 
bend test and at high deformation rate with impact tests. Chemical resistance is 
generally assessed with double rub with methyl ethyl ketone (MEK) until film 
rupture. Exterior and corrosion durability are both evaluated with outdoor 
exposure and accelerated tests. Under accelerated tests coatings are subjected to 
e.g. UV radiation, water, and salt spray as changes in mechanical properties, gloss 
and color retention are measured. However, these methods commonly test 
combination of properties of the coating and are empirical, hence they are more 
suitable for quality control. International standards, such as ISO10, CEN11, and 
ASTM12, regulate the test methods.  
 
Film properties are affected by Tg as it regulates the molecular mobility in the 
coatings.3 During film formation, with subsequent increase in Tg, the free volume 
is decreased i.e. the mobility is restricted. A lower baking temperature, than the Tg 
of the solvent free polymer, retards solvent evaporation for thermoplastic systems. 
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For thermosetting resins the cross-linking rate will be affected by limited polymer 
chain motions at a too low cure temperature. Hence, it is important to perform the 
film formation at a significantly higher temperature than the Tg of the resin to 
obtain solvent-free and fully cross-linked coatings. Tg can be determined with e.g. 
differential scanning calorimetry (DSC)3 and dynamic mechanical analysis 
(DMA)3, 13. Storage modulus (E'), loss modulus (E"), and tan delta (E"/E'=tan δ) is 
obtained from DMA measurements. Tg is defined as the peak of either the loss 
modulus or the tan δ plot. Evaluation with DSC and DMA renders different Tg’s, 
where the peak value of the loss modulus plot usually corresponds best to the 
DSC value. The width of the Tg transition, i.e. the E' slope and tan δ width, 
correlates to the heterogeneity of the coating and is e.g. a measure of cross-link 
density. The greater sensitivity of DMA measurements makes it a better option 
than DSC for cross-linked systems. 

2.1.4 Coil-coatings 

In the coil-coating processes14-16, i.e. pre-coating of sheet metal, an organic coating 
is continuously applied to sheet metal in a closed system. The field of application 
of pre-coated steel and aluminum is vast and range from markets such as 
construction, automotive, domestic appliance, heating and ventilation, office 
furniture, and lighting. Coil-coating is attractive for many end-users since it 
permits omitting of paint shops improving efficiency and reducing production 
costs. Both thermoplastic and thermosetting coating systems are used. Industrially 
used resins are polyvinyl chloride, polyvinyl difluoride, and polyester cross-
linked by melamine or isocyanates. Polyester resins are dominating worldwide.  
 

 
 

Figure 2. Schematic description of the different coil-coating layers. 
 
In the coil-coating process, large coils of metal are unwound, pretreated, primed, 
top-coated, and recoiled at a constant speed of 60-150 m/min, Figure 2 and Figure 
3. The metal coils are 0.6-1.8 m wide and between 600 to 1800 m long with a 
weight of 5-6 tonnes for aluminum and up to 20 tones for steel. The substrate is 
pretreated and primed to inhibit corrosion and improve adhesion. The top-coat 

Primer 

Steel/aluminum substrate 

Pre-treatment 

Top-coat 



Introduction 

 

 6

improves mechanical and exterior durability. Both primer and top-coat paints are 
applied via two or three large rollers on one or both sides. The coating is cured in a 
convection oven at approximately 350°C for 20-40 s to reach a peak metal 
temperature (PMT) of about 200-250°C. The short dwell time put special demands 
on the film formation and curing chemistry to obtain a final product without 
defects like frothing, sagging and leveling. The final coated sheet metal is cut, 
bent, punched, and drawn into various shapes by the customer. This harsh 
forming process puts high demands on the film properties, such as high flexibility 
and good adhesion. 
 

 
 
A. Bare metal is uncoiled  F.  Primer curing oven 
B. Coil splicing  G. Top-coat application 
C. Accumulator stack  H. Top-coat curing oven 
D. Metal degreasing, cleaning, rinsing, and  I.  Optional lamination or embossing 
chemical pretreatment  J.  Accumulator stack 
E. Primer application  K. Recoiling of finished pre-coated sheet metal 
 

Figure 3. Schematic depiction of the coil-coating process. 
 
To be able to apply the coating the paint formulations often consist of over 50 wt% 
solvent. The solvent is evaporated during the cure process, collected and 
incinerated to recycle the energy. This high solvent content is costly and involves 
handling of large amounts of environmental hazardous VOC. Reduction of the 
solvent content is highly desirable due to increased environmental awareness and 
government legislations.17, 18 To achieve this reduction methods widely used in the 
post-painting industry have been proposed for coil-coatings, e.g. water-borne3, 19, 
powder coatings3, 20-22, and UV curable systems3, 21, 22. However, these methods 
have not been applied in large scale in the coil-coating industry due to clean up 
difficulties upon color change and cost issues concerning modification of the 
production facilities.23 Reactive diluents is a VOC reduction alternative that 
utilizes the same production procedures, that has been suggested for several other 
coating applications.9, 18, 24-29 
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2.2 VEGETABLE OILS 

Vegetable oils2, 3, 30 are triglycerides, i.e. triesters of glycerol and three fatty acids, 
Figure 4. The fatty acid structure of a triglyceride can vary in chain length and 
amount of double bonds, i.e. vegetable oil contains a mixture of fatty acids. The 
fatty acid pattern is dependant on type of crop and growth condition, e.g. greater 
level of unsaturation in oil grown in colder climate.31, 32 To prevent oxidation 
reactions in the plant, the oil often contains antioxidants such as tocopherol.  
 

O

O

O
O

O

O

 
 

Figure 4. Triglyceride 
 
Traditionally, vegetable oils have been used in foodstuff and air-drying coating 
systems. As vegetable oils are renewable materials, extensive research has been 
performed to find new fields of application, e.g. epoxidized oil as plasticizers and 
stabilizers for vinyl plastics33-35, biobased materials36-39, biodiesel40, reactive 
diluents24, 26, 28, 29, and printing inks33-35.  
 
Vegetable oils can be divided into three groups; non-drying, semi-drying, and 
drying oils, depending on their fatty acid pattern. Non-drying oils contains 
saturated fatty acids that can not be cross-linked by air oxidation. Olive oil and 
castor oil are examples of non-drying oils. Semi-drying oils, e.g. soybean and tall 
oil, contain one or two unsaturations that slowly can cross-link through oxidation. 
Semi-drying oil films will never be completely tack-free. Drying-oils are highly 
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unsaturated oils that air oxidizes to form a tack-free film with time. A drying-oil is 
traditionally defined as an oil with an average number of diallylic groups per 
molecule greater than 2.2.3 Linseed and tung oil are commonly used drying-oils. 
Oils can further be divided into non-conjugated and conjugated depending on 
whether the unsaturations are separated by a methylene group or not. 
 
Fatty acids can also contain more unusual functionalities such as conjugated 
alkenes33-35, alkyne41, 42, epoxy33-35, 43, and hydroxyl groups33-35. These unusual 
structured oils are not grown in large quantities today, but modern crop 
development and gene modification techniques38, 44 may in the future make them 
an to large extent used environmental friendly alternative as raw materials in 
monomer and polymer synthesis45-49.  

2.2.1 Chemistry of oils 

Vegetable oils can react through many different reaction routes such as auto-
oxidation, esterification, and alkene reaction.  

2.2.1.1 Auto-oxidation 

Auto-oxidation3, 30, 50-53 is a complex free radical process, Figure 5. This process is 
generally described by an induction period, followed by uptake of oxygen, and a 
final polymerization stage involving cross-linking and formation of volatile 
oxidation products.  
 
During the induction step antioxidants, e.g. tocopherols, are consumed. The 
oxidation is proposed to be initiated by abstraction of an allylic hydrogen, forming 
a carbon-centered radical. However, how the oxidation reaction is initiated is still 
under debate, but it is suggested that singlet oxygen and hydroperoxides causes 
the initiation.54, 55 Auto-oxidation can also be initiated by UV-light and γ-radiation. 
Hydrogens located between double bonds, i.e. bis-allylic hydrogens, are more 
easily abstracted leading to faster drying of fatty acids with greater unsaturation 
content. The formed carbon-centered radical rearranges into a conjugated system. 
Conjugated fatty acids show a more rapid drying than non-conjugated as this 
rearrangement is not necessary. The carbon radical is either terminated with 
another radical or, more probably due to high oxygen concentration, reacted with 
oxygen to form a peroxy radical. The peroxy radical abstracts hydrogen producing 
a hydroperoxide. The unstable hydroperoxide will eventually decompose into an 
alkoxy radical. The reactive alkoxy radical can undergo several reactions such as 
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addition to unsaturations or other radicals, hydrogen abstraction, and scission of 
the carbon chain. Drying of vegetable oils is conveyed by addition reactions. 
Chain scission reactions, on the other hand, degrades the material.  
 
 
 
 
 

           

H H

O2

H

O
O

O
OH

O

Allylic hydrogen
abstraction

Hydrogen
abstraction

Peroxy radical
termination

Intermolecular
cross-linking

reactions

Intramolecular
chain scission

reactions

Hydrogen
abstraction

 
 

Figure 5. Auto-oxidation mechanism. 
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The mechanism of these chain scission reactions is not clear. However, β-scission53, 

56-62 and Russell termination62, 63 are the dominating theories, Figure 6. The β-
scission mechanism, propose that alkoxy radicals cause the scission producing 
both volatile and non-volatile low molecular weight byproducts such as alkanes, 
aldehydes, and carboxylic acids.53, 56-62 β-Scission competes with the hydrogen 
abstraction mechanism depending on temperature and nature of hydrogen donor 
species.53, 62 The Russell termination theory states that peroxy radicals are 
terminated by reacting with each other forming ketones and alcohols.62, 63 
 

 β-Scission Russell termination 
 

O

H

O*

H

O

O
O

O
O

O
O O

O

O*

OH

O2

 
 

Figure 6. β-scission and Russell termination 
 
The rather slow oxidative drying rate of fatty acids is often accelerated by addition 
of driers and siccatives, i.e. catalysts in form of transition metal salt or soap.2, 3, 30, 64-

66 The catalytic effect of driers is active throughout the service life of the coating, 
thus accelerating degradation of the cross-linked material.67 The knowledge of 
driers is very old and reaches as far back as Egyptian civilizations, when various 
compounds of lead, iron, and manganese metals were used with drying oils.  
 
The oxidative drying process can be followed with e.g. gas chromatography 
(GC)68, 69, size exclusion chromatography (SEC)67, 68, 70, nuclear magnetic resonance 
(NMR)65, 68, chemiluminescence29, 71-74, infrared (IR)50, 65, 67, 75, real-time IR (RTIR)29, 72-

74, and Raman50, 65 spectroscopy. Rearrangements from non-conjugated to 
conjugated unsaturations can be followed with spectroscopic analysis methods.76 
Excited carbonyls are generated during the oxidation process, suggestible from 
the β-scission or Russell termination.77, 78  These excited carbonyls will eventually 
relax and emit photons, i.e. chemiluminescence, that can be measured with a 
sensitive photomultiplier.77, 78 



Introduction 

 

 11

2.2.1.2 Esterification 

The triglyceride of vegetable oils can be reacted with esterification reactions to 
form different fatty acid derivatives e.g. free fatty acids, FAMEs, and alkyds.2, 3, 30, 

79, 80 Free fatty acids are formed through hydrolysis, i.e. saponification, of the 
triglyceride under basic conditions. Presence of alcohol yields transesterification to 
the corresponding ester. These esterification reactions can also be enzyme 
catalyzed.81, 82 The fatty acid pattern of vegetable oils is often determined by 
transesterification to methyl ester followed by gas chromatography analysis. 
Transesterification of vegetable oil with polyols and polyesters under acidic 
conditions is a common way to synthesize resins, e.g. alkyds. Moreover, resins can 
be produced through direct esterification of fatty acids, polyols and polybasic 
acids. Depending on the fatty acid structure the resins can be cross-linked with 
different curing mechanisms, e.g. oxidative drying, free radical polymerization, 
and cationic polymerization.2, 3, 30  

2.2.1.3 Alkene reactions  

Unsaturations in vegetable oils can not only be polymerized through auto-
oxidation but also via other alkene reactions, such as thiol-ene83, 84 and Diels-Alder 
reactions85-89. The thiol-ene reaction is a step-wise free radical process that 
proceeds at very high rates.90 This reaction is very versatile and almost any type of 
alkenes can be used making it applicable for unsaturated fatty acid derivatives. 
Diels-Alder reactions91 take place between 1,3-dienes and alkenes (dienophiles) or 
alkynes. The alkenes in fatty acids reacts via Diels-Alder inter-molecularly30, 86 or 
e.g. with styrene87,  acrylics88, and quinones89. 

2.2.1.4 Oil modification 

The drying properties of a drying oil can be modified through pre-polymerization, 
e.g. heat-bodied, blown or boiled oil.2, 3, 30 The most common modification process 
is thermal polymerization at 225°C to 320°C under inert atmosphere to form heat-
bodied i.e. stand oils. Blown oils are produced by heating oil to about 130°C while 
passing through air. Heating oil to 250°C in presence of driers produces boiled 
oils. All these pre-polymerization methods improve the flow and leveling 
properties as the viscosity of the oil is increased. However, the wetting ability 
tends to be impaired. 
 
Maleinization2, 3, 30 can increase the drying rate of slow oxidative drying oils, e.g. 
soya and safflower oil, and enhance the color appearance of e.g. linseed oil. In 
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maleinization a small amount of maleic anhydride is added to the unsaturations of 
fatty acids. Water-borne resins can be obtained by controlling the maleic 
anhydride concentration.  
 
Another way to modify oils is epoxidation2, 3 of the double bonds with peracetic or 
performic acid. Epoxidized oils are used e.g. as plasticizers and in the preparation 
of alkyds and polyethers.  

2.2.2 Vegetable oils in coatings 

Vegetable oils are one of the oldest types of binders and have been used in 
different coating applications for centuries. Good wetting properties and low 
viscosity, without need for additional solvents, make oils feasible in crude air-
drying coatings, e.g. linseed oil, and as components in resins, e.g. in alkyds, 
uralkyds, and epoxy esters.2, 3, 30, 92 
 
Crude oil drying coatings are soft and initially impact and chemically sensitive.2, 3, 

30 The coating is degraded and yellows with time due to the radical processes 
present. Moreover, the cure speed is generally slow, even for conjugated drying 
oils and with driers. These shortcomings can be diminished by use of modified 
oils such as bodied, blown, or maleinized oil.  
 
The benefits of vegetable oils can be utilized by using them as raw material in 
vehicles. Tall oil fatty acid, linseed, soya, and safflower oil are commonly used for 
resin manufacturing.2, 3, 30 Air-drying alkyds generally have good wetting, 
adhesion, gloss, flow, leveling, and compatibility properties.2, 3 The resin’s oil 
length affects hardness, gloss, and drying properties.2, 3 Alkyds with high oil 
content ratio, i.e. long oil alkyds, are slow drying and form soft and flexible 
coatings with somewhat low gloss. Short oil alkyd resins, with low oil ratio, on the 
contrary, dry faster and render hard coatings with high gloss. Introduction of 
diisocyanate yields fast drying uralkyds, with increased hardness, abrasion and 
chemical resistance, and somewhat lower gloss.2, 3 Another binder system, epoxy 
ester2, 3 is produced from esterification of epoxy resin and vegetable oil. Epoxy 
esters possess film properties with greater adhesion, flexibility, hardness and 
chemical resistance than conventional alkyds. However, the exterior durability of 
epoxy esters is poor. 
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2.2.3 Fatty acid methyl esters 

FAMEs are vegetable oil derivatives that have gained utilization. Especially as bio-
diesel40 due to their low viscosity, good storage stability and solubility 
properties.93 These properties and the presence of the ester acyl moiety also make 
FAME feasible as reactive diluents in coating applications. A reactive diluent 
derived from a renewable resource would entail twofold positive environmental 
impact since not only the VOC content is reduced but also a renewable compound 
is introduced into the final material 
 
FAME is commonly produced through alkaline transesterification with methanol2, 

3, 30, 40, but also through acid and enzymatic catalyzed reactions40, 81. Some common 
FAMEs are presented in Figure 7.  
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Methyl stearate Methyl oleate

Methyl linoleate Methyl linolenate

Methyl pinolenate  
 

Figure 7. Common fatty acid methyl esters. 

2.3 DENDRITIC POLYMERS 

Dendritic polymers94 are a class of highly branched macromolecules with a large 
number of end-groups. This class of polymer can further be divided into three 
subgroups; dendrimers, dendrigrafts and hyperbranched polymers. The 
subgroups differ in relative structural control of the branching units. Dendrimers 
possess the greatest architectural control and have a polydispersity index (PDI) 
between 1.00 and 1.05.94 Dendrigrafts have a arborescent structure with a PDI of 
1.1-1.5.94 Hyperbranched polymers have the highest polydispersity of the three 
subgroups with a PDI between 2 and 10.94  
 
Dendritic polymers consist of three components; the core, the interior, and end-
groups, Figure 8. The interior is built up of ABx (x ≥ 2) monomer layers, i.e. 
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generations. This globular architecture hampers chain entanglements giving 
unique rheological properties, inter alia low viscosity in relation to molecular 
weight.95, 96 Numerous monomers can be used for dendritic polymer synthesis 
resulting in a wide range of properties that can be further tailored with end-group 
modification. These properties and the lower production cost of hyperbranched 
polymers97, compared to dendrimers, make them industrially applicable as 
thermoset coatings98, 99 e.g. in flame retardant100, 101, radiation cured24, 102-108, and 
high solid systems109-111.  
 

 
 

Figure 8. Basic components of a hyperbranched polymer. 
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3 EXPERIMENTAL 
This experimental section will only describe the experimental details briefly. More 
detailed descriptions are given in the appended papers (Papers I-V).  

3.1 MATERIALS 

Two rape seed methyl esters (RME), RME 1 and RME 2, were supplied by Norups 
Gård AB, Knislinge, Sweden and Statoil Frescati, Stockholm, Sweden respectively, 
two Linutin versions, LME 1 and LME 2, were supplied by Lantmännen, 
Stockholm, Sweden, and tall oil methyl ester (TOME), TOME, was supplied by 
SunPine AB, Piteå, Sweden. Fatty acid composition and peroxide value of the 
evaluated FAMEs are presented in Table 1.  
 
Table 1. FAME composition in wt% and peroxide value of RME 1, RME 2, LME 1, LME 2 and TOME. 
Carbon chain length: number of unsaturations. 
 

Fatty acid  RME 1 RME 2 LME 1 LME 2 TOME 
Methyl palmitate  C16:0 4.3 6.2 6.1 6.2 4.6 
Methyl oleate  C18:1 58.3 66.5 13.4 13.6 22.1 
Methyl linoleate  C18:2 20.9 15.4 67.2 72.0 47.2 
Methyl linolenate  C18:3 10.5 4.5 7.7 2.1 1.7 
Methyl pinolenate C18:3 --- --- --- --- 10.0 
Other FAMEs  5.0 5.4 5.6 6.1 14.4 
Peroxide value  27 951 247 198 27 

 
Methyl oleate (MeO), methyl linoleate (MeL), 2-octyl-1-dodecanol, and p-toluene 
sulfonic acid (PTSA) were purchased from Sigma–Aldrich. 1-octadecanol (mp 60–
61°C) was purchased from Merck. A conventional polyester resin (CP1), 
hexamethoxymethyl melamine (HMMM), dodecylbenzene sulfonic acid (DDBSA), 
dibutyltindilaurate (DBTDL), methyl ethyl ketone (MEK), butyldiglycol acetate 
(BDGA), pigments, and fillers were obtained from Akzo Nobel Nippon Paint AB, 
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Gamleby, Sweden. The hydroxy-functional CP1 with partial aromatic structure 
was supplied dissolved in a 3:1 (w/w) mixture of light aromatic solvent naphtha 
(CAS 64742-95-6) and butyl glycol (CAS 111-76-2) to a dry content of 70 wt%. Two 
hyperbranched aliphatic polyesters, Boltorn H2003 (HP2) and Boltorn H2004 
(HP3), based on 2,2-bis(methylol)propionic acid (bis-MPA) as AB2-monomer, were 
obtained from Perstorp Specialty Chemicals AB, Perstorp, Sweden. HP2 and HP3 
are based on a second generation hydroxy-functional hyperbranched polyester 
that have been end-group modified to 25% and 62.5% respectively with eight 
carbon long alkyl acids. Experimental data for CP1, HP2, and HP3 as given by the 
suppliers are presented in Table 2. Three types of substrates were used; non-stick 
coated aluminum sheets, neat hot dipped galvanized (HDG) steel sheets, and 
organic primer coated HDG steel sheets. All chemicals were used as received. 
 
Table 2. Experimental data for CP1, HP2, and HP3 as given by the suppliers. 
 

 CP1 HP2 HP3 
Molecular weight, Mw [g/mol] 4000 2500 3200 
Dry weight content [wt%] 70 100 100 
Acid value [mg KOH/g resin] 8 7 7 
Hydroxyl value [mg KOH/g resin] 121 290 115 
Number of hydroxyl end-groups/mol 9 12 6 

3.2 SAMPLE PREPARATION 

Three different test series have been evaluated; three component fully formulated 
clear-coats, two component model systems, and a full scale industrial trial. 

3.2.1 Fully formulated clear-coat systems  

3.2.1.1 Conventional polyester resin 

Formulations with a CP1:HMMM hydroxyl:ether functional group ratio of 1.6:1 
with different amounts of FAME were mixed according to Table 3. Samples 5-8 
and 9-12 were diluted with BDGA and MEK respectively, to a viscosity of 60±5 s 
determined by efflux cup viscosity measurements. Samples 22 and 23 were diluted 
with light aromatic solvent naphtha to a dry weight of 60 wt%. 
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Table 3. Formulation details for the three component full system study with conventional resin.  
 

Sample 
name 

FAME 
 

FAME content1 
[wt%] 

Solvent2 

 
Oven 
[nr] 

Dry content3 
[wt%] 

1 --- --- --- 1,2 73 
2 RME 1 5 --- 1 75 
3 RME 1 10 --- 1,2 76 
4 RME 1 20 --- 1 78 
5 --- --- A 1 56 
6 RME 1 5 A 1 58 
7 RME 1 10 A 1 59 
8 RME 1 20 A 1 68 
9 --- --- B 1 65 

10 RME 1 5 B 1 67 
11 RME 1 10 B 1 70 
12 RME 1 20 B 1 74 
13 LME 1 5 --- 1 75 
14 LME 1 10 --- 1,2 76 
15 LME 1 20 --- 1 78 
16 LME 2 5 --- 1 75 
17 LME 2 10 --- 1,2 76 
18 LME 2 20 --- 1 78 
19 TOME 5 --- 1 75 
20 TOME 10 --- 1,2 76 
21 TOME 20 --- 1 78 
22 --- --- C 1,2 60 
23 RME 1 10 C 1,2 60 

 
1 Weight percent added FAME calculated on wet polyester resin and HMMM mixtures prior to 
addition of additional solvent.  
2 All mixtures contain the solvent present in CP1. The solvents are: A BDGA, B MEK, and C light 
aromatic solvent naphtha.  
3 The polyester, HMMM, and FAME are considered as dry content and the solvent present in the 
polyester resin and additional solvent as wet content. 
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3.2.1.2 Hyperbranched polyester resin 

Formulations with a polyester:HMMM hydroxyl:ether functional group ratio of 
1.6:1 with different amounts of RME 1 were prepared according to Table 4.  
 
Table 4. Formulation details for the three component full system study with hyperbranched resin. 
 

Sample 
name 

Polyester1 

 
RME 1 content2 

[wt%] 
Oven 
[nr] 

Dry content3 
[wt%] 

24  HP2  --- 1,2 100 
25 CP1 HP2  --- 1,2 81 
26   HP3 --- 1,2 100 
27 CP1  HP3 --- 1,2 85 
28  HP2 HP3 --- 1,2 100 
29  HP2  10 1,2 100 
30 CP1 HP2  10 1,2 83 
31   HP3 10 1,2 100 
32 CP1  HP3 10 1,2 87 
33  HP2 HP3 10 1,2 100 

 
1 The number of hydroxyl groups is equally divided by the polyester in the case of two polyesters.  
2 Weight percent added FAME calculated on wet polyester resin and HMMM mixtures.  
3 The polyester, HMMM, and FAME are considered as dry content and the solvent present in the 
polyester resin and additional solvent as wet content. 

3.2.1.3 Curing procedures 

Thermal cure were performed both in an automated laboratory oven built to 
simulate coil-coating cure from Tryckluftsteknik i Västervik AB, Västervik, 
Sweden (oven 1), and in a conventional convection T6 function line oven from 
Heraeus instruments, Hanau, Germany (oven 2). Peak metal temperature (PMT) 
for films cured in oven 1 was determined with temperature-tape-indicators 
mounted on the back of the test panels. 3 wt% DDBSA was added to all 
formulations before film application and cure.  
 
A non-stick coated substrate was used to obtain free-standing films with a dry 
film thickness of 20±5µm of formulations 1-21, Table 3. Formulations 1-12 were 
cured in oven 1 directly after application at 300, 400, and 500°C respectively to a 
PMT of 232-241°C. One set of samples 1-4 were also left to flash-off at ambient 
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conditions for 15 minutes before cure at 400°C. Films of samples 1-4 and 13-21 
were cured in oven 1 at 255°C to reach a PMT of 232-241°C.  Different oven 
temperatures and air flows in oven 1 entail different dwell time to obtain equal 
PMT, i.e. 45s at 255°C, 48s at 300°C, 24s at 400°C and 15s at 500°C. Free-standing 
films of samples 1, 3, 14, 17, and 20 were cured in oven 2 at 130°C for 10 min. 
 
Samples 1, 3, and 24-33 (Table 3 and Table 4), diluted to a dry weight content of 
73 wt% with light aromatic solvent naphtha, and samples 22 and 23 (Table 3) were 
applied with a dry film thickness of 23±3µm on untreated and organic primer 
coated HDG substrates respectively. Films on untreated HDG substrates were 
cured in oven 1 at 360°C for 43s and in oven 2 at 130°C for 10 min.  Films on 
primed HDG substrate were cured in oven 1 at 300°C for 39s. Different 
temperature and cure time was employed for cure in oven 1 to obtain a PMT of 
232-241°C, due to differences in heat reflectivity of the two substrates.  

3.2.2 Model study 

Composition of the studied two component formulations are presented in Table 5. 
The formulations were prepared with a FAME/alcohol molar ratio of 1:1.  

3.2.2.1 Model reactions in thin films 

Before reaction in oven, 3 wt% DDBSA was added to the model study mixtures. 
The samples were reacted in both oven 1 and oven 2 (see section 3.2.1.3 Curing 
procedures) respectively whereas the sample names will be followed by 1 for 
reaction in oven 1, and by 2 for reaction in oven 2. For example sample B2 is 
reacted in oven 2 and consists of a RME 1/1-octadecanol mixture with 3 wt% 
DDBSA. Untreated HDG steel sheets were used as substrates. The substrates were 
pre-heated to 68°C for samples A–K containing 1-octadecanol (mp 60–61°C) in 
order to avoid crystallization. Films were applied with a wet film thickness of 
60 µm. Samples C, and G-Q were reacted in oven 1 at 330°C for 55 and 50 s, 
respectively, for the ambient and pre-heated substrate to a PMT of approximately 
230°C. The samples were then left to cool down at ambient conditions. 1H-NMR 
samples were taken from the reacted films. Samples B, D-F were reacted in oven 2 
for up to 60 min at 130°C and samples C, G-Q were reacted in oven 2 for up to 
60 min at 110, 130, 150 and 170°C respectively. Approximately ten 1H-NMR 
samples were taken at regular interval during the reaction period. 
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Table 5. Composition of the two component model system samples. 
 

Sample name FAME Alcohol Catalyst 
A RME 2 1-octadecanol PTSA 
B RME 1 1-octadecanol DDBSA 
C RME 2 1-octadecanol DDBSA 
D LME 1 1-octadecanol DDBSA 
E LME 2 1-octadecanol DDBSA 
F TOME 1-octadecanol DDBSA 
G MeO 1-octadecanol DDBSA 
H MeL 1-octadecanol DDBSA 
I RME 2 1-octadecanol DBTDL 
J MeO 1-octadecanol DBTDL 
K MeL 1-octadecanol DBTDL 
L RME 2 2-octyl-1-dodecanol DDBSA 
M MeO 2-octyl-1-dodecanol DDBSA 
N MeL 2-octyl-1-dodecanol DDBSA 
O RME 2 2-octyl-1-dodecanol DBTDL 
P MeO 2-octyl-1-dodecanol DBTDL 
Q MeL 2-octyl-1-dodecanol DBTDL 

3.2.2.2 Model reactions in bulk 

Reaction in bulk was conducted in inert atmosphere. Mixtures of 0.5 g of 
formulations C, and G–Q were prepared in a round bottom flask placed under 
argon (Ar) flow. Samples C, and G-K, containing 1-octadecanol (mp 60–61°C), 
were left at 68°C for 30 min and samples L-Q, containing 2-octyl-1-dodecanol, 
were left at room temperature for 30 min. The temperature was then raised to 
130°C and 3 wt% DDBSA was added. The system was left to react for 15 min 
under Ar flow before being analyzed with 1H-NMR.  

3.2.3 Full scale industrial evaluation 

A pigmented fully formulated coil-coating formulation with 10 wt% RME (PCF) 
has been evaluated in an industrial full scale trial. The PCF, containing CP1, 
HMMM, pigments, fillers, and solvents, was prepared in the same manner as 
conventional coil-coating paint by Akzo Nobel Nippon Paint AB, Gamleby, 
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Sweden. Conventional organic primer coated HDG steel sheets were industrially 
coated with PCF and cured in the pre-coated sheet metal production facility at 
SSAB Tunnplåt AB, Borlänge, Sweden.  

3.3 TECHNIQUES 

3.3.1 Thermal gravimetric analysis 

Volatility properties of FAMEs were analyzed with thermal gravimetric analysis 
(TGA) performed on a Mettler Toledo SDTA/TGA851 equipped with a water 
cooler. Samples were heated from 30°C to 300°C with a heating rate of 20°C/min in 
nitrogen atmosphere.  

3.3.2 Rheological measurements 

Rheological measurements were performed with a Gardco/DIN 4mm viscosity 
cup and on a TA-instruments ARES Rheometer. The Gardco/DIN 4mm viscosity 
cup was conformed according to the flow characteristics specified by Deutsche 
Normen DIN 53211. The viscosity value is given by the time for a Gardco/DIN 
4mm viscosity cup brimful with formulation to efflux at 23°C, until the first break 
of the stream, in seconds. Rheological measurements on the ARES Rheometer 
equipped with 25 mm parallel plates were performed in the linear region at 30°C 
with a frequency ramp from 0.1 to 10Hz. 

3.3.3 Spectroscopical analysis 

IR and real time infrared (RTIR) spectra were obtained on a Perkin Elmer 
Spectrum 2000 instrument equipped either with a single reflection ATR accessory 
(Golden Gate) or a heat controlled ATR from Specac Ltd. The IR measurements 
were performed in reflection mode. 
 
For the RTIR measurements, the heat controller was set to desired temperature 
(110, 130, 150, or 170°C) and left to equilibrate for 10 min. Two drops (~75µl) of the 
sample was then placed on the ATR crystal and the measurement was 
immediately started. Spectra were recorded every 35 s over a period of 60 min 
using TimeBase® software from Perkin Elmer. The reaction was followed by 
monitoring the shift of the carbonyl peak from 1744 to 1740 cm-1. 
 
Raman analysis was performed on a Perkin Elmer Spectrum 2000 FT-Raman. 
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3.3.4 1H-NMR 

1H-NMR were performed on both a 400MHz Bruker Aspect NMR and a Bruker 
Avance 400MHz using CDCl3 as solvent and internal standard. 

3.3.5 Carbon-14 dating 

Carbon-14 dating on free-standing films was performed by the Ångström 
Laboratory, Uppsala, Sweden. 

3.3.6 Extraction 

Free standing films were extracted with hexane for three days. Gas 
chromatography (GC) analysis on the rotaevaporated extraction phase was 
performed by the SW laboratory, Svalöf, Sweden.  

3.3.7 Dynamic mechanical analysis 

Dynamic mechanical analysis (DMA) was performed on TA-instrument Q800 
equipped with a film fixture for tensile testing. DMA measurements were 
performed on rectangular free standing film samples (20x6 mm) with a heating 
rate of 2°C/min. The tests were performed in controlled strain mode with a 
frequency of 1 Hz.  

3.3.8 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) analysis were performed using a Mettler 
Toledo DSC820 equipped with a Mettler Toledo Sample Robot TSO801RO 
calibrated using standard procedures. The samples were heated from -40°C to 
180°C, cooled down to -40°C and then reheated to 180°C at a rate of 10°C/min. 
Midpoint Tg was determined during the second heating.  

3.3.9 Micro hardness 

Micro hardness was determined with a Fischerscope H100 equipped with a 
Vickers indenter according to ISO 6441. The measurements were performed at a 
10% indentation depth with 60 s recover periods at constant load and after 
removal of the load. 
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3.3.10 Conventional film characterization 

Adhesion, gloss, impact resistance, Erichsen flexibility, T-bend, chemical 
resistance, corrosion resistance, pencil hardness, and scratch resistance of the 
coating were tested according to ISO, CEN, or ASTM standards. 
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4 RESULTS AND DISCUSSION 
The aim of the present study was to decrease the use of volatile solvents in 
solvent-borne thermally cured coil-coating resins. This was done by modification 
of the resin and introduction of reactive diluents. The use of reactive diluent in 
coating applications will affect the performance for the entire production chain 
from paint manufacture to the final film properties. The effect upon introduction 
of FAMEs as reactive diluents and modification of the polyester resin on the wet 
paint characteristics, film formation, cross-linking chemistry, and final film 
properties in a thermally cured solvent-borne polyester/melamine coil-coating 
system will here be addressed. 

4.1 MISCIBILITY 

Miscibility of the whole paint system, e.g. resin, catalyst, and diluents, is 
important to obtain leveled and defect free coatings. Miscibility generally depends 
on compatibility, polarity, molecular weight and intermolecular interactions 
between the components.3 The used reactive diluents, i.e. FAMEs, are in average 
eighteen carbon long molecules, un-polar, and miscible with both un-polar and 
amphifilic structures. The initially used catalyst, PTSA, had poor miscibility with 
FAME and 1-octadecanol (sample A) and phase separated. Therefore, PTSA was 
exchanged for DDBSA and DBTDL that are miscible with fatty compounds due to 
their more un-polar structures. The conventional polyester, CP1, was designed to 
be compatible with both HMMM and FAME.  
 
The evaluated hydroxy-functional aliphatic hyperbranched polyesters based on 
bis-MPA, HP2 and HP3, were modified to different extent with alkyl acid by the 
supplier to increase compatibility with FAME. Modification of the polar 
hyperbranched polyesters decreases polarity and reduces intra- and 
intermolecular secondary bonds associated with a large quantity of hydroxyl end-
groups. Compatibility with FAME was improved with extent of modification of 
the hyperbranched polyester, i.e. HP3 is more compatible with FAME than HP2 
although HP2 and FAME, samples 29 and 30, formed transparent formulations 
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and cured coatings. However, HP2 has poor compatibility with CP1 and HP3 as 
indicated by opaque wet mixtures of formulations 25, 28, 30, and 33 although clear 
single phase films were attained after cure.  

4.2 RHEOLOGY 

In order to be able to apply coil-coating paint industrially with large rollers the 
wet paint must have suitable rheological properties. Viscosity of paints can be 
adjusted by type and amount of conventional solvent. One of the properties of 
reactive diluents is that they work as diluents lowering the viscosity of mixtures. 
Therefore, solvents can be exchanged for reactive diluents in paint formulations. 
FAMEs are suitable as reactive diluents as they have low viscosity and generally 
good solubility properties.93 Viscosity measurements of samples 1-4 showed that 
FAME has diluting properties in a fully formulated conventional 
polyester/melamine clear-coat system, Figure 9. However, FAMEs were not as 
powerful solvents as conventional solvents, established with comparison of 
viscosity measurements of samples 1-12. Of the two conventional solvents 
evaluated, MEK is a more powerful solvent than BDGA. The results show that 
introduction of 10 wt% reactive diluent reduces the use of conventional solvent by 
35 wt% in order to retain equal viscosity. 
 

                                        

                                        

                                        

                                        

                                        

                                        

0 5 10 15 20

1,0

1,5

2,0

2,5

3,0

3,5

V
is

co
si

ty
 [P

a 
s]

Reactive diluent [wt%]
 

 
Figure 9. Viscosity versus reactive diluent content. 
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The conventional solvent content can be further decreased by modifying the 
polyester resin. Hyperbranched polymers have unique rheological properties and 
exhibit lower viscosity than conventional branched polymers at equal molecular 
weight.95, 96 Viscosity versus dry weight content for CP1, HP2, and HP3 resin 
formulations with and without 10 wt% RME 1 is presented in Figure 10. The 
conventional solvent content can be reduced by 50 wt% by replacing the 
conventional polyester CP1 with hyperbranched HP3 in order to obtain a suitable 
application viscosity of 200 mPa·s. The reduction in viscosity is minor with HP2 
due to the high degree of hydroxyl end-groups that present strong intermolecular 
secondary hydrogen bonds. These hydrogen bonds and the amphifilic character of 
the resin further entail minor reduction in viscosity upon addition of reactive 
diluents (sample 29), although FAMEs are hydrogen bond acceptors. The viscosity 
was though decreased upon introduction of reactive diluent in the HP3 resin, 
sample 31. It is suggested that a paint formulation without any conventional 
organic solvent can be obtained by further modification of the polyester resin and 
use of greater amounts of reactive diluents. 
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Figure 10. Viscosity versus dry weight content for CP1 (samples 1 and 3), HP2 (samples 24 and 29), and 
HP3 (samples 26 and 31) resin formulations with and without 10 wt% RME 1. 
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4.3 FILM FORMATION 

Curing is affected both by evaporation of solvent and the chemical cross-linking 
process. Solvents and other volatiles, including added reactive diluents, must 
evaporate at a controlled rate to avoid film defects like frothing, sagging and 
leveling defects.2, 3 No direct studies of the film formation could be performed as 
the cure rate in coil-coatings is very high. Hence, only dry films were studied.  
 
FAME enhanced the film formation properties of the system as more leveled films 
with less frothing were obtained with higher FAME content. It is suggested that 
the reactive diluent acts as a plasticizer and a so called tail solvent2, 3, increasing 
the mobility of the system during the final stages of the film formation, providing 
good flow and leveling of the film. This increased mobility of the system also 
permits a more controlled evaporation of the conventional solvents. The low 
polarity of FAME furthermore suggests a reduction in surface tension. The 
wetting of the non-stick coated aluminum sheet was somewhat poor, resulting in 
some contraction around the edges of the films left to flash-off for 15 min. 
Otherwise, the film formation was not noticeably effected by the flash-off period.  

4.4 INCORPORATION OF FAME 

A reactive diluent should not only affect the flow properties of a paint but also be 
incorporated in the coating network during cure. The methyl ester group of FAME 
is suggested to react with the hydroxyl groups of the polyester, in the 
polyester/melamine system, chemically bonding FAME into the final film. 
However, FAME can also be considered as volatile as they generally starts to 
evaporate at 200°C and coil-coatings are cured to a PMT of 200-250°C. The volatile 
property of FAME is not only negative as it allows evaporation of non-reacted 
FAME that otherwise would remain un-reacted in the dry film, i.e. FAME either 
reacts into the film or evaporates. 

4.4.1 Fully formulated clear-coats 

Fully formulated clear-coat films are chemically cross-linked and can therefore not 
be dissolved, limiting possible analyze methods. Raman analysis, carbon-14 
dating, and extraction were performed to confirm incorporation of FAME in cured 
films.  
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Double bonds present in unsaturated fatty acids show a strong signal at 
approximately 1650 cm-1 in Raman spectra. This signal is the only one in FAME 
that is not overlapped by peaks from either the polyester or HMMM. However, 
the peak at 1650 cm-1 could only be detected for the free-standing films cured at 
lower temperatures, i.e. in oven 2. This indicates that all FAMEs evaporates or the 
unsaturations reacts, e.g. oxidizes or thermally polymerizes, under simulated 
industrial cure conditions, i.e. in oven 1.  
 
Carbon-14 dating can be used to determine presence of FAMEs as they are derived 
from crops grown during the last few years while the other components in the 
coating (polyester, HMMM, and solvents) are derived from crude oil, an old 
carbon resource, according to the suppliers. Analysis of samples 1-4 showed 
remaining RME 1 in the films as the estimated age decreased with increased 
reactive diluent content, Table 6. A clear trend is seen with a decreased average 
age with increased FAME content in the formulation. However, the method does 
not confirm incorporation of FAME via transesterification but just the presence.  
 

Table 6. Carbon-14 dating data. 
 

Sample name 14C age BP1 

1 >40 000 
2 37 555 ± 1 890 
3 34 560 ± 1 300 
4 25 850 ± 440 

 
1 BP=before present, defined as AD 1950. 

 
Extraction tests showed that no significant amount of FAME could be extracted 
from the films.  
 
The Raman, carbon-14 dating, and extraction test results strongly suggest that 
FAMEs react into the film via the acyl group and that non-reacted FAMEs 
evaporate. The results furthermore indicate that the unsaturations react during 
cure although it is not clear if this leads to further cross-linking or chain scission. It 
is well known that unsaturated fatty acids can contribute to both reaction routes3, 

30, 50-53 and further tests is needed to clarify this. The model studies presented below 
in section 4.4.2 Model study and results in section 4.5 Film properties furthermore 
support incorporation of FAMEs into the coating. 



Results and Discussion 

 

 29

4.4.2 Model study 

The reactivity between the methyl ester of FAME and hydroxyl groups in the 
polyester was simulated with model studies between RME 1, RME 2, LME 1, 
LME   2, TOME, MeO, MeL, and primary alcohols. Kinetics of the 
transesterification reaction was followed with RTIR and 1H-NMR.  
 
RTIR measurements performed at low temperatures (130, 150, and 170°C) show 
that the carbonyl peak (1744 cm-1) shifts to lower wavelengths (1740 cm-1) as the 
methyl esters transesterifies with alcohol, Figure 11. Time to complete shift of the 
carbonyl peak is decreased with increased temperature, i.e. the reaction proceeds 
faster at higher temperature, Figure 12. The reaction time to full conversion 
(~5 min at 170°C), for these low temperatures, is very long compared to the 
industrial process (~37 s). However, extrapolating of the curves to higher 
temperatures indicate that full conversion can be obtained within desired time 
frame for coil-coatings. 
 
 
 
 
 

1760 1750 1740 1730 1720

0.11
0.10
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0.00

Wavenumber [cm-1]

A
bs

In
cr

ea
se

d 
tim

e

 
 
Figure 11. RTIR shift of the carbonyl peak at approximately 1740 cm-1 during 60 min for mixture H at 
130°C. 
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Figure 12. Normalized absorbans for fully shifted carbonyl peak versus time for mixture G at 130°C, 
150°C, and 170°C measured with RTIR.  
 
 
1H-NMR also confirms transesterification as a new peak appears at 4 ppm              
(-CH2CH2OCO-) from the new ester and the peaks from the reactants at 3.6 ppm 
(FAME CH3OCO-), 3.6 ppm (octadecanol –CH2CH2OH), and 3.5 ppm (2-octyl-1-
dodecanol –CHCH2OH) decreases, Figure 13. 1H-NMR spectra also show that the 
alkenes in FAME thermal and/or oxidative reacts as the integrals from the double 
bond peaks at 5.3 ppm (-CH=CH-) and 2.7 ppm (-CH=CHCH2CH=CH-) decrease 
when the reaction was performed in air. It is difficult to exactly estimate the 
amount of alkene reactions as oxidation processes are very complex and 
numerous reactions occur simultaneously.65, 70 Decrease of the signal at 5.3 ppm 
relative to the protons on the carbon beside the acyl group at 2.3 ppm                     
(-OCOCH2CH2-) was used as a relative measure of the alkene reactions, although 
this only partly describes the overall thermal and oxidative alkene processes. 
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Figure 13. 1H-NMR spectra for sample G2 reacted at 130°C for 30 min. 
 
 

4.4.2.1 Effect of FAME structure 

Degree of oxidation is affected by fatty acid pattern, presence of oxygen, 
temperature, and time. Fatty acid pattern vary depending on crop source and 
cultivation origin. A high content of unsaturations render high degree of auto-
oxidation with subsequent polymerization or chain scission. These oxidation 
processes are competing factors to the transesterification reaction with alcohol as 
lower conversions were obtained for FAMEs with high number of double bonds, 
Figure 14. The cause of the competition could be that an oxidative cleavage of a 
FAME molecule would render volatile fragments with subsequent change in 
stoichiometry of the system. Nevertheless, TOME showed a high 
transesterification conversion despite it contains 11 wt% methyl pinolenate with 
three double bonds. Methyl pinolenate (methyl cis,cis,cis-5,9,12-
octadecatrienoate), is however less prone to oxidize than methyl linolenate 
(methyl cis,cis,cis-9,12,15-octadecatrienoate), due to the placement of the double 
bonds in the carbon chain.112 Further, FAMEs must contain at least one 
unsaturation in order to be usable as reactive diluents as they otherwise will 
crystallize at ambient conditions.  
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Figure 14. Conversion versus reaction time for samples B2, C2, D2, E2, and F2 reacted at 130°C. 

4.4.2.2 Effect of catalyst 

Catalyst efficiency alters with changed cure condition. DBTDL is a more efficient 
catalyst than DDBSA under industrial cure conditions, Table 7. However, opposite 
efficiency, with less differences between the catalysts, was attained for cure at 
lower temperatures (110, 130, 150, and 170°C), Figure 15. These discrepancies, due 
to cure conditions, may be due to different temperature dependence113 for the two 
catalysts or the fact that the cure time was much shorter with industrial cure 
conditions somewhat preventing competing alkene reactions.  
 

Table 7. Conversion for samples C1, G1-K1. 
 

Sample Name Conversion [%] 
C1 42 
G1 60 
H1 54 
I1 94 
J1 87 
K1 97 
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Figure 15. Conversion versus time for sample C2, G2-K2 reacted at 130°C. 

4.4.2.3 Effect of alcohol structure 

A minor model study, regarding choice of polyester monomer, shows that care 
must be taken to not introduce easily oxidized monomers when using methyl 
linoleate esters as reactive diluents. Two primary alcohols, 2-octyl-1-dodecanol 
with tertiary hydrogen and 1-octadecanol without tertiary hydrogen, Figure 16, 
were evaluated. The degree of alkene reactions, and subsequent low 
transesterification conversion, was significantly greater for 2-octyl-1-dodecanol 
compared to 1-octadecanol when reacted with MeL, Figure 17. This difference 
indicates that not only MeL but also the alcohol is susceptible to oxidation due to 
presence of tertiary hydrogen which can be abstracted in an auto-oxidation 
process. No extra care in choice of polyester monomer has to be taken when using 
FAMEs with low methyl linolenate content as no greater oxidation was noticed 
with RME 2 and MeO as reactive diluents. 
 
 

OH

OH

1-Oktadekanol 2-Octyl-1-dodecanol  
 

Figure 16. 1-Octadecanol and 2-octyl-1-dodecanol. 
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Figure 17. Conversion versus reaction time for samples C2, G2, H2, L2, M2, and N2 reacted at 130°C. 

4.5 FILM PROPERTIES 

Final pre-coated metal sheets are cut, bent, punched, and drawn into desired 
shape, putting high demands on the film properties. These properties should not 
be negatively affected by modification of the binder resin or introduction of a 
reactive diluent. Free standing films of fully formulated clear-coats have been 
analyzed with DMA to reveal how the incorporation of FAME affects the 
mechanical properties. Further, coated metal test panels have been characterized 
with conventional film characterization test methods.  

4.5.1 Free-standing clear-coats 

Introduction of FAME decreases the Tg as its long un-polar chain (average 18 
carbons) plasticizes, changes the polarity and alters the cross-link density of 
coatings, Figure 18. However, a slight increase in Tg was noticed for sample 2 
containing 5 wt% RME 1. This increase may be due to changes in cross-linking 
chemistry and polarity, antiplasticization, thermal and/or oxidative cross-linking. 
Antiplasticization13, 114, 115, stiffening of the material instead of plasticization, is 
often observed when small amounts of plasticizer are added to polymers. The 
consumption of unsaturations, as seen from the Raman spectra, indicates that 
oxidative and thermal cross-linking occurs to some extent. Furthermore, the 
network is more heterogeneous upon introduction of FAMEs, as indicated by the 
decreased magnitude and broadening, i.e. width of the tan δ curve, of the glass 
transition.116  
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Figure 18. A. Storage modulus, B. Loss modulus, C. Tan δ versus temperature for samples 1 (          ), 2  
(           ), 3 (           ), and 4 (           ) cured in oven 1 at 400°C.  
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4.5.1.1 Effect of FAME structure 

The model study regarding transesterification conversion (section 4.4.2 Model 
study) showed that the FAME structure affects the degree of incorporation 
indicating that the mechanical properties also are affected by the FAME structure. 
This was confirmed with DMA measurements on coatings containing FAMEs with 
different fatty acid pattern, Figure 19. The most significant affect on the 
mechanical properties, implying the highest amount of incorporation, was 
obtained upon introduction of LME 1, i.e. samples 13-15 showed greatest decrease 
in Tg. The lowest shift in Tg was attained with TOME as reactive diluent. 
However, these results are not consistent with the model study results where the 
highest degree of transesterification conversion was obtained with TOME and the 
lowest with LME 1 as FAME. These contradicting results can be connected to the 
FAME structure. Incorporation of FAME via transesterification would render a 
dangling chain end that will plasticize the coating, i.e. decrease the Tg. Alkene 
cross-linking on the other hand would restrict the mobility of the material, i.e. 
increase the Tg. The lower shift in Tg than expected for TOME is presumably due 
to its content of methyl pinolenate with an isolated double bond that can act as an 
additional cross-linking site. The present study cannot discriminate between the 
possible reaction routes. However, it clearly shows the complexity of the curing 
process and that the fatty acid pattern of the reactive diluents has to be taken into 
consideration.  
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Figure 19. Tan δ versus temperature for samples 1 (          ), 3 (           ), 14 (           ), 17 (        ), and 20  
(           ) cured in oven 1 at 255°C. 
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4.5.1.2 Effect of oven temperature 

An increased oven temperature with subsequent line speed increase in the coil-
coating production can render cost reductions. However, larger costs are 
associated with higher energy consumption upon raised oven temperatures. The 
mechanical properties of fully formulated clear-coat systems without any reactive 
diluent are not affected by change of oven temperature during cure in oven 1, 
Figure 20, diagram A. There are some minor variations in Tg with changed oven 
temperature for the films with high amounts (20 wt%) of reactive diluent, Figure 
20, diagram B. However, these variations are not logical with highest Tg at 300°C 
and lowest Tg at 400°C. This inconsistence may be due to different time-
temperature dependences for degree of evaporation and alkene polymerization, 
which would increase the Tg, and incorporation of FAME, which would decrease 
the Tg. Further reduction of the oven temperature to 130°C (cure in oven 2) 
renders a greater drop in Tg, Figure 21. This major decrease confirms the time-
temperature dependence rendering less alkene reactions and lower degree of 
evaporation at an inferior cure temperature, i.e. more FAMEs are left to soften the 
coating. 

4.5.1.3 Effect of co-solvent 

Co-solvents are often added to paint systems in order to attain a suitable 
application viscosity. Addition of co-solvents with different vapor pressure and 
polarity affects the film formation process that e.g. is shown by shift in Tg, Figure 
22, diagram A. The greatest shift in Tg is obtained with BDGA as co-solvent and 
the least Tg shift for the sample without any additional solvent for the evaluated 
films without any reactive diluent. The homogeneity of the initial system is not 
affected by choice of solvent.  
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Figure 20. Tan δ versus temperature for films cured in oven 1 at 300°C (           ), 400°C (           ), and 
500°C (           ) respectively. A. Sample 1, B. Sample 4.  
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Figure 21. Tan δ versus temperature for samples 1 and 17 cured in oven 1 (1 (           ) and 17 (           )) 
and in oven 2 (1 (           ) and 17 (        )). 



Results and Discussion 

 

 39

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Ta
n 

D
el

ta

30 40 50 60 70 80 90 100
Temperature (°C)

A.

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Ta
n 

D
el

ta

30 40 50 60 70 80 90 100
Temperature (°C)

B.

 
 
Figure 22. A. Tan δ versus temperature for samples 1 (           ), 5 (           ), and 9 (           ) cured in oven 1 
at 400°C. B. Tan δ versus temperature for samples 4 (           ), 8 (           ), and 12 (           ) cured in oven 1 
at 400°C. 
 
Co-solvent will not only affect the film formation process but can also cause co-
evaporation of FAME. Various variations depending on solvent were observed 
upon addition of FAME, Figure 22, diagram B. The glass transitions for samples 
with reactive diluents were shifted compared to the initial transitions. The shift 
was greatest and the homogeneity significantly decreased for the sample without 
any additional solvent, indicating that a higher degree of plasticizing FAME is 
present in the film. This confirms co-evaporation of FAME in the diluted samples.  
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4.5.1.4 Effect of flash-off 

As choice of co-solvent has shown to affect the mechanical properties of the cured 
coatings it is highly likely that a flash-off time also will do so. DMA measurements 
show that the film forming process is merely slightly affected by a flash-off period 
of 15 minutes, cf. Figure 18 diagram C and Figure 23. Comparison shows that the 
films left to flash-off have a slightly decreased Tg and are more homogenous. 
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Figure 23. Tan δ versus temperature for samples 1 (          ), 2 (           ), 3 (           ), and 4 (           ) with a 
flash-off period of 15 minutes prior cure in oven 1 at 400°C. 
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4.5.2 Substrate supported clear-coats 

The rough forming process associated with pre-coated sheet metal products 
requires hard coatings with retained good adhesion, flexibility, and impact 
resistance to prevent inter alia flaking and film ruptures. Adequate properties are 
e.g.; impact value ≥8 J, pencil hardness ≥HB, scratch resistance ≥35 N, chemical 
resistance ≥100 MEK double rub.117 Coil-coatings used in outdoor applications 
must further have excellent corrosion protection and exterior durability to redeem 
warranty times of up to 20 years.117 Usually pre-coated sheet metal substrates are 
pretreated and primed to improve film properties such as corrosion protection 
and adhesion. Polyester/melamine clear-coats with and without reactive diluents 
on neat and organic primer coated HDG steel substrates respectively were 
characterized with conventional film characterization techniques and DSC. All 
evaluated formulations, samples 1, 3, and 24-33, were prepared with a dry weight 
content of 73 wt%. However, the viscosity of sample 1 was too high to obtain 
leveled and defect free films when cured under industrial cure conditions on neat 
HDG steel substrate. Therefore, samples 22 and 23 with a dry weight content of 
60 wt% were also prepared. Test results of adhesion, pencil hardness, flexibility, 
micro hardness, chemical and scratch resistance for films cured on neat HDG steel 
substrates under industrial cure conditions are presented in Table 8. The 
conventional polyester resin, sample 22, has good adhesion, chemical and scratch 
resistance but is harder, less flexible and scratch resistant than desired to 
withstand the forming process of pre-coated sheet metal. Introduction of reactive 
diluents, samples 3 and 23, acting as plasticizers, improves pencil hardness and 
flexibility at low deformation rates, i.e. Erichsen flexibility, whereas impact 
resistance is substantially impaired. 

4.5.2.1 Effect of resin structure 

Film properties are affected by e.g. resin structure and polarity, heterogeneity, and 
film thickness.3 The evaluated conventional polyester, CP1, contains aromatic 
structures whereas the hyperbranched polymers, HP2 and HP3, have aliphatic 
structures. Comparison of the film properties of the different formulations in 
Table 8 shows that the properties were impaired for the aliphatic hyperbranched 
resins. HP2 containing sample 24 has poor impact resistance and Erichsen 
flexibility. This poor formability is due to the aliphatic structure and high 
hydroxy-functionality, average of 12 hydroxyls per molecule, causing a brittle and 
densely cross-linked network. On the contrary, sample 26, containing HP3 with an 
average of 6 hydroxyl groups per molecule, renders loosely cross-linked and tacky 
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films with poor scratch and chemical resistance. The hydroxy-functionality of 
sample 28, with HP2 and HP3 polyester resin, is equal to sample 22, with only 
CP1 as polyester resin, and should form equally cross-linked networks. However, 
the different network architecture with dangling chain-ends and aliphatic 
structure of the hyperbranched polyesters render softer films with poor scratch 
resistance. It is furthermore proposed that the dendritic back-bone structure 
affects the overall network properties although it is not clear at present how the 
network looks like. The dangling chain-ends in the hyperbranched polyester 
resins further decreases the plasticizing effect upon introduction of reactive 
diluent, samples 29-33, i.e. the film properties is not significantly affected upon 
addition of FAME. 
 
Table 8. Film properties for samples 3, and 22-33 on neat HDG substrate cured in oven 1. 
 

Sample 
name 

 

Adhesion 
 
 

Impact 
resist. 

[J] 

Erichsen 
flexibility 

[mm] 

Chemical 
resist. 

 

Pencil 
hardness 

 

Scratch 
resist. 

[N] 

Micro 
hardness 
[N/mm2] 

24 1 0 <1 >200 F 6 90,4 

25 0 10 4 >200 HB 6 72,4 

26 0 >18 5 18 <2B 1 0,8 

27 0 16 5 >200 B 4 1,3 

28 0 4 3-4 >200 <2B 0 5,2 

22 0 8 3-4 >200 HB 8 113,6 

29 0 0 <1 >200 HB 7 94,0 

30 0 6 5-6 >200 F 10 89,6 

31 0 16 5 76 <2B 1 1,0 

32 0 >18 6 >200 <2B 4 1,2 

33 0 6 4 >200 <2B 1 5,4 

3 0 2 7 >200 H 12 126,8 

23 0 0 7 >200 2H 7 111,9 

4.5.2.2 Effect of substrate 

Film properties for the films cured on organic primer coated HDG steel substrates 
are presented in Table 9. Comparison of Table 8 and Table 9 shows that impact 
resistance and Erichsen flexibility are inferior for films cured on primed than on 
neat HDG steel substrate. The scratch resistance is improved for primed substrate 
supported films as both the clear-coat and the primer are evaluated in the scratch 
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resistance test. It should be noted that the formability were limited to the organic 
primer performance, i.e. film rupture occurred at the steel/primer interface. It is 
proposed that substitution to a primer system with improved formability 
performance would render good formability properties of the evaluated top-coat 
on organic primer coated steel substrates.  
 
Table 9. Film properties for samples 1, 3, and 24-33 on primed HDG substrate cured in oven 1. 
 

Sample 
name 

 

Adhesion 
 
 

Impact 
resist. 

[J] 

Erichsen 
flexibility 

[mm] 

Chemical 
resist. 

 

Pencil 
hardness 

 

Scratch 
resist. 

[N] 

Hardness 
[N/mm2] 

 
24 1-2 0 <1 >200 2H 20 84,3 

25 0 0 2 >200 H-2H 18 108,3 

26 0 2 1 16 2B 16 1,5 

27 0 4 2 49 HB 17 2,7 

28 0 0 1 89 HB-F 17 8,7 

1 0 0 3 >200 3H 22 131,9 

29 0 0 <1 >200 2-3H 19 87,6 

30 0 0 2 >200 2H-3H 21 107,5 

31 0 0 2 19 2B 20 2,3 

32 0 2 4 26 F 17 3,1 

33 0 0 1 69 B-HB 19 8,4 

3 0 0 2-3 >200 2H 17 137,9 

4.5.2.3 Effect of oven temperature 

As established in section 4.5.1.2 Effect of oven temperature, the mechanical 
properties of free standing clear-coats is affected by oven temperature upon 
introduction of reactive diluent. The film properties, established with conventional 
film characterization techniques, are also affected by oven temperature, cp. Table 8 
and Table 10. Decreased oven temperature entails uncured coatings with poor 
chemical resistance. Number of hydroxyl groups is only enough to obtain 
sufficient cross-linked networks to be chemical resistant for the HP2 containing 
formulations 24, 25, and 29. Further, less FAMEs evaporate rendering softer films 
upon introduction of reactive diluent. Moreover, DSC measurements indicate a 
greater presence of either incorporated or non-reacted FAME in the films cured at 
a lower temperature in oven 2, Table 11. 
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Table 10. Film properties for samples 1, 3, and 24-33 on neat HDG substrate cured in oven 2. 
 

Sample 
name 

Adhesion 
 

Erichsen 
flexibility [mm] 

Chemical 
resistance 

Pencil 
hardness 

Scratch 
resist. [N] 

Hardness 
[N/mm2] 

24 5 <1 >200 HB 8 95,2 

25 3 5 >200 H-2H 16 115,4 

26 3 5 15 <2B 0 1,7 

27 1 8 23 HB 9 4,0 

28 3 3 74 2B 6 15,1 

1 1 9 88 2H-3H 13 130,7 

29 4 <1 >200 2B 5 51,5 

30 1 6 60 B 13 10,2 

31 3 5 21 <2B 1 1,1 

32 2 7 16 <2B 3 1,3 

33 1 5 28 <2B 2 4,9 

3 0 9 41 HB 14 4,7 

 
Table 11. Tg determined with DSC for samples 1, 3, 22, and 23. 

 
Sample name Oven Tg [°C] 

1 2 21 
3 2 -1 

22 1 25 
23 1 24 
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4.6 FULL SCALE INDUSTRIAL EVALUATION 

The best way to evaluate a new coil-coating system is a full scale test trial with a 
pigmented fully formulated resin. Such a formulation with a 10 wt% RME reactive 
diluent content, sample PCF, was prepared, industrially cured, and analyzed 
regarding adhesion, flexibility (T-bend, Erichsen flexibility, and impact), pencil 
hardness, accelerated corrosion, scratch and chemical resistance. The test results 
together with the properties of a polyester/melamine reference are presented in 
Table 12. The film properties of PCF are equivalent to the reference, except for the    
T-bend value. However, a flexibility value of 1 T is still in the range of what is 
accepted for conventional polyester/melamine coil-coatings. An accelerated 
corrosion test, i.e. a Cleveland test, has been performed by exposing test panels to 
continuous condensed water at a 100% relative humidity. After being exposed for 
1000 h gloss retention and adhesion were determined on both a flat and pre-
strained area of the test panel. The Cleveland corrosion properties of PCF also 
fulfill the demands for coil-coatings.  
 
Table 12. Film properties for a pigmented fully formulated industrially cured coil-coating resin with 
10 wt% reactive diluent (PCF) and a conventional polyester/melamine reference. 
 

Sample name PCF Reference 
T-bend [T] 1 0 
Erichsen flexibility [mm] 9 9 
Impact [J] >16 >16 
Pencil hardness F HB 
Scratch resistance [N] 45 27 
Chemical resistance >100 >100 
Adhesion 0 0 
Gloss 39 44 
Cleveland 1000 h   
     Adhesion 0 0 
     Adhesion (Impact 11J) 0-0 0-0 
     Gloss 40 44 
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5 CONCLUSIONS 
The volatile organic solvent content in a solvent-borne thermally cured 
polyester/melamine coil-coating paint system has been decreased by introduction 
of reactive diluents and modification of the polyester binder resin. The evaluated 
FAMEs work as diluents, and are incorporated into the film during cure without 
negatively affecting the mechanical properties of the final coat. 
 
The reactive diluents reduce the viscosity of a fully formulated 
polyester/melamine clear-coat system; it is thereby possible to exchange 
conventional solvent for FAMEs. However, FAMEs are not as powerful diluents 
as organic solvents and large amounts are required to obtain a suitable application 
viscosity without any addition of traditional solvents. A conventional solvent free 
formulation may still be attained by introduction of hyperbranched polyester 
binders that possess low intrinsic viscosity.  
 
Introduction of FAME in the paint system enhances the film formation process 
entailing leveled and defect free films. This enhancement is achieved as FAME 
acts as a plasticizer and tail solvent increasing the mobility during the final stages 
of the film formation. 
 
Incorporation of FAME in a fully formulated clear-coat network is difficult to 
confirm. However, carbon-14 dating has shown that the final films contain FAME 
that can not be extracted. The appearance and mechanical properties of the 
coatings are also significantly affected by addition of FAMEs. 
 
It has been confirmed with model studies that FAMEs can transesterify with the 
hydroxyl groups of the polyester under industrial coil-coating cure conditions. 
The transesterification reaction is affected by FAME structure, polyester polyol-
monomer structure, catalyst, and heating rate. Both evaporation and alkene 
reactions of FAME are competing factors with the transesterification reaction 
making it important to have oxidation-stable reactants. The degree of alkene 
reactions increases with higher number of unsaturations in the fatty acid structure. 
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Moreover, the placement of the double bonds is of importance as bis-allylic 
hydrogen is more prone to participate in oxidative reactions.  
 
The mechanical properties of free standing films are affected by addition of 
FAMEs, oven temperature, co-solvent, and flash-off period. Incorporation of 
FAME and extent of evaporation affect the glass transition. Tg is decreased by 
incorporation of FAME and increased by evaporation, thermal and oxidative 
polymerization. Further, FAME pattern affects the mechanical properties as 
greater number of double bonds leads to a greater extent of alkene reactions 
resulting in either polymerization or chain scission with subsequent evaporation 
of the cleaved products. It is proposed that the isolated alkene of a triene FAME, 
e.g. methyl pinolenate, acts as an additional cross-linking site instead of 
contributing to the auto-oxidation. Introduction of FAMEs also increase the 
heterogeneity of the coating. 
 
Conventional film characterization tests on substrate supported coatings have 
shown that the final film properties are affected by binder resin structure, and 
oven temperature. The aliphatic structure of the hyperbranched polyesters entails 
softer and less flexible films than eligible to withstand the rough forming process 
associated with pre-coated sheet metal production. On the other hand, the 
aromatic structure of the conventional polyester renders harder and less flexible 
coatings than desired. However, introduction of reactive diluent in the 
conventional polyester binder formulation results in coatings with good 
formability properties. The hyperbranched polyester binder formulations are not 
affected upon addition of reactive diluent due to their content of dangling chain 
ends from the alkyl acid modification. A too low oven temperature has shown to 
lead to uncured films with a greater content of reacted and non-reacted FAME due 
to less evaporation. 
 
Industrial evaluation of a fully formulated pigmented coil-coating coating 
containing reactive diluents has shown that parts of the conventional volatile 
solvent content can be exchanges for reactive diluent. The industrially cured 
coating fulfills the film property demands specified for coil-coatings.  
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6 FUTURE WORK 
The present study shows that FAME can be used as reactive diluent in thermally 
cured coil-coating systems. The evaluated system has not been optimized and 
further studies on resin structure, and catalyst effect could improve the 
compatibility, incorporation of reactive diluent, and final film properties. The 
oxidation process of FAMEs under coil-coating cure conditions has not been fully 
established with the performed studies. Extended studies could clarify the route of 
the present oxidation and thermal alkene reactions. 
 
Coil-coating products have long warranty-times, up to 20 years, and are seldom 
used in non exposed conditions making durability tests, e.g. hydrolysis, 
photolysis, and biological degradation durability, necessary. The industrial 
collaborations partners have already commenced durability tests that will 
proceed.  
 
The use of a vegetable oil derived reactive diluent is environmental compliant as a 
reduction of traditionally used solvents is possible and a renewable material is 
introduces into the final film. The amount of incorporated reactive diluent can be 
increased if the reactivity and functionality of the resin or the reactive diluent are 
increased. FAMEs with other functionalities such as epoxy or hydroxyl groups can 
for example be utilized. Reactive diluents with two functionalities could also be 
used for dual cure systems where a coating can be cured a second time after the 
forming process. The amount of renewable material in the coating could also be 
increased by introduction of renewable monomers in the binder resin. 
 
The effect of cure conditions could be further evaluated in order to introduce the 
concept of reactive diluent in thermally cured coatings in other applications such 
as original equipment manufacture (OEM).  
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CORRECTIONS 
Corrections to paper I. 
 
1. The figure text for Figure 4 should read “Fig. 4. Conversion vs. reaction time 

for mixtures B2, F2, and J2 at 110°C.” instead of “Fig. 4. Conversion vs. 
reaction time for mixtures B2, D2, and F2 at 110°C.” 

 
2. The legend in Figure 4 should read “■ B2, ● F2, ▲ J2” instead of “■ B2, ● D2, 

▲ F2”. 
 
3. The figure text for Figure 5 should read “Fig. 5. Degree of oxidation vs. 

reaction time for mixtures B2, F2, and J2 at 110°C.” instead of “Fig. 4. 
Conversion vs. reaction time for mixtures B2, D2, and F2 at 110°C.” 

 
4. The legend in Figure 5 should read “■ B2, ● F2, ▲ J2” instead of “■ B2, ● D2, 

▲ F2”. 
 
5. Figure 7 should be replace by 
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Fig. 7. Conversion vs. time for B2, D2, F2, H2, J2, and L2 at 130°C. 
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