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ABSTRACT 

This work describes how a fatty acid methyl ester (FAME) derived from a vegetable 
oil can be introduced as reactive diluent in a solvent-borne thermally cured coil-
coating system. The evaluated reactive diluent, rape seed methyl ester (RME), has 
been evaluated both in a fully formulated clear coat system and via model studies.  
 
A reactive diluent is a compound that acts as a solvent in the liquid paint, lowering the 
viscosity, and chemically reacts into the final film during cure. Introduction of a 
reactive diluent derived from vegetable oil give a more environmental compliant 
coating since a renewable material is incorporated in the coating and the amount of 
traditional solvent can be decreased. These positive environmental factors have 
increased the industrial interest. 
 
The fully formulated clear coat studies describes how addition of reactive diluent 
affects rheological properties of the wet paint, film formation, incorporation, and final 
film properties in a hydroxyl-functional polyester/melamine coil-coating system. The 
coating were cured under industrial coil-coating cure conditions and analyzed with 
Raman, carbon-14 dating, extraction, dynamic mechanical analysis, and visually 
observed. Viscosity measurement of the wet paint show that RME works as a diluent. 
RME increase the mobility in the system enhancing the film formation process and 
occurrence of defect-free films. The incorporation of RME could not be confirmed by 
Raman analysis. However, carbon-14 dating did indicate the presence of RME that 
could not be extracted from the films. The appearance and mechanical properties of 
the films were also significantly affected by addition of RME. Dynamic mechanical 
analysis of the free standing films showed that the final film properties were affected 
by oven temperature, choice of co-solvent, and flash-off period. 
 
Model studies were performed to further clarify how RME chemically can react 
through transesterification with the hydroxyl-groups of the polyester. RME and its two 
main components methyl oleate and methyl linoleate were reacted with primary 
alcohols with and without tertiary hydrogen both under low temperature (110, 130, 
150, 170°C) and industrial cure conditions. The transesterification reaction was 
monitored with 1H-NMR and real time IR. Evaporation and side reactions, e.g. 
oxidation, are competing factors with the transesterification reaction. The fatty acid 
structure affects the conversion as a higher amount of unsaturations triggers higher 
degree of oxidation. The study also showed that reaction time and temperature affects 
the transesterification conversion, degree of side reactions, and catalyst choice.  

 



 
 
 
 

 



 
 
 

SAMMANFATTNING 

Detta arbete beskriver hur ett fettsyrametylester (FAME) derivat från en vegetabilisk 
olja kan användas som reaktiv spädare i ett lösningsmedelsburet och termiskt härdande 
bandlackeringssystem. Den använda reaktiva spädaren rapsmetylester (RME) har 
utvärderats både med ett komplett formulerat klarlackssystem och genom 
modellstudier.  
 
En reaktiv spädare sänker viskositeten i den flytande färgen, dvs. fungerar som 
lösningsmedel, och reagerar kemiskt under härdning så att den blir en del av den torra 
färgfilmen. Genom att använda en vegetabilisk reaktiv spädare görs färgen mer 
miljövänlig då mängd tillsatt lösningsmedel kan minskas och den torra färgfilmen 
innehåller en förnyelsebar råvara. Dessa positiva miljöeffekter har ökat det industriella 
intresset. 
 
Studier av klarlackssystemet beskriver hur de reologiska, filmbildnings, inkorporerings 
och filmegenskaperna påverkas av reaktiva spädare i ett hydroxylfunktionell 
polyester/melamin-system för bandlackering. Färgfilmer härdade under industriella 
härdningsförhållanden har analyserats med Ramanspektroskopi, kol-14 datering, 
extraktion, dynamisk mekanisk analys och genom visuella observationer. 
Viskositetsmätningar av den våta färgen påvisar att RME fungerar som spädare. 
Filmbildningen förbättras och graden av felfria filmer ökar vid tillsatts av RME, då 
denna ökar mobiliteten i färgen under torkförloppet. Inkorporation av RME genom 
tvärbindning kunde inte verifieras med Raman-analys. Kol-14 dateringen och 
extraktionsförsöken visar dock på att RME har inkorporerats i färgfilmen. Även 
färgfilmernas utseende och mekaniska egenskaper påverkas påtagligt av tillsatts av 
RME. De mekaniska egenskaperna påverkas också av andra betingelser som 
ugnstemperatur, lösningsmedelsval och flash-off före härdning. 
 
För att förstå hur RME kemiskt kan omförestra med polyesterns hydroxyl-grupper har 
modellstudier genomförts. Reaktionen mellan RME, dess två huvudkomponenter 
metyloleat och metyllinoleat och primära alkoholer med och utan tertiära väten har 
studerats med 1H-NMR och realtids-IR. Härdning skedde både vid låga temperaturer 
(110, 130, 150, 170°C) och under industriella härdningsförhållanden. Avdunstning och 
sidoreaktioner, som exempelvis oxidation, är konkurrerande faktorer till 
omförestringsreaktionen. Fettsyrastruktur påverkar omförestringens omsättning då fler 
omättnader ger ökad oxidation. Studien har även visat att reaktionstid och temperatur 
påverkar omförestringens omsättning, mängd sidorekationer samt val av katalysator. 
Sammantaget visar modellstudierna att RME kan reagera fast i en syrahärdande 
bandlackeringsfärg under de industriella härdningsbetingelserna. 
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1. INTRODUCTION 

1.1.  PURPOSE OF THE STUDY 
Increased environmental awareness and pending legislations during the last decades 
have resulted in a increased industrial interest in reducing the use of volatile organic 
compounds (VOC) [1-4]. The use and subsequent emission of VOC is safety and 
health hazardous and contributes to the global warming and the degradation of the 
ozone layer. The purpose of this licentiate thesis has been to reduce the VOC content 
in a solvent-borne thermally cured coil-coating system by introducing a fatty acid 
methyl ester (FAME) as a reactive diluent in the coating formulation. 

1.2. BACKGROUND 

1.2.1. Coatings 
As early as 20-30 000 BC, mankind knew how to produce paint for rock-painting by 
mixing colored minerals, e.g. ferric oxide, and titanium dioxide, with blood, milk or 
sap. 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 purposes 
such as corrosion protection, impact and abrasion resistance, and hygienic properties 
[5]. Coatings consist of a skeleton of organic binders, solvents and sometimes pigment 
[5]. The composition of the components is adjusted to meet the property demands like 
wetting and adhesion to the substrate to be coated. There are many different methods 
for applying coatings depending on the properties of the paint and substrate, examples 
of industrial techniques are by brush, large rollers, and air assisted spray. One coating 
method that uses large rollers for paint application is coil-coating. 

1.2.2. Coil-coating 
In the coil-coating process, organic coating is continuously applied to sheet metal in a 
closed system. The field of application of precoated steel and aluminum is vast and 
range from markets such as construction, automotive, domestic appliance, heating and 
ventilation, office furniture, and lighting. Coil-coated metal is attractive for many end-
users since it can omit paint shops and thus improve the efficiency and reduce the 
production costs. The coatings used are either thermosetting or thermoplastic. The 
system evaluated in the present work is thermosetting and solvent-borne. 
 
In the coil-coating process large coils of metal, with a weight of 5-6 tones for 
aluminum and up to 20 tones for steel [6], are unwound, pretreated, coated and 
recoiled at a constant high speed i.e. 60-150 m/min [7] (see Figure 1). The coating is 
applied via two or three large rollers on one or both sides and cured in a high 
temperature oven to reach a peak metal temperature (PMT) of approximately 230°C 
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[7]. The cure time is extremely short due to the high band speed and put high 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 
or drawn to various shapes by the customers. The forming process puts very high 
demands on the flexibility and adhesion of the coating. 
 

 
 
Figure 1. Schematic description of the coil-coating process. 
 
To be able to apply the coating it often contains as large amounts of solvent as over 
50% [7]. The solvent is evaporated during the cure process, and then collected and 
incinerated to recycle the energy. This high solvent content is costly and involves 
handling of large amounts of environmentally hazardous volatile organic compounds 
(VOC). Reduction of the solvent content is highly desirable due to an increased 
environmental awareness and pending legislations to reduce VOC during the last 
decades [1-3]. To achieve this reduction have introduction of powder coatings and UV 
curable systems in coil-coating processes been suggested [4, 8, 9]. Although these 
methods are widely used in the post-painting industries, they have not been applied in 
large scale in the coil-coating industry due to clean up difficulties when switching 
color and cost issues from needing to modify the coil lines [10]. Another way to 
reduce the use of organic solvents is by introducing reactive diluents, as has been 
proposed for several other coating applications [1, 2, 11-14]. 

1.2.3. Reactive diluents 
A reactive diluent [2, 5, 11, 13-15] is a compound that acts as a solvent in the liquid 
paint, lowering the viscosity, and chemically reacts into the final film during cure. By 
introducing a reactive diluent can the solvent content and thereby the VOC content of 
a paint be reduced. To be able to act as a good diluent the reactive diluent must be 
compatible 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 degree to prevent in-can storage 
problems, retarding of the drying, and remains of non-reacted reactive diluent working 
as plasticizer in the final film. For high temperature applications, like coil-coatings, 
must the volatility be low enough to prevent evaporation. Fatty acid methyl esters 
(FAME) are a group of monomers derived from vegetable oils that are interesting as 
reactive diluents as they possess a functional group, the ester acyl moiety, that can 
react. They generally also have low viscosity, and good solubility properties [16]. 
Furthermore, if the reactive diluent could be derived from a renewable resource it 
would have greater positive environmental impact since it would not only reduce the 
VOC content but also introduce a renewable material into the final film. 
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1.2.4. Vegetable oils in coatings 
Vegetable oils were one of the first kinds of binders for coatings and have been used in 
different coating applications for centuries. They have been used as crude air-drying 
oils, e.g. linseed oil, and as components in resin structures, e.g. in alkyds [8, 17, 18]. 
Vegetable oils are triglycerides, i.e. triesters of glycerol and fatty acids (see Figure 2). 
The fatty acid structure of a triglyceride may be the same or vary in chain length and 
amount of double bonds, i.e. the oil is a mixture of fatty acids.  
 

OOO

O

OO

 
 
Figure 2. Triglyceride 
 
The 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 crosslinked by air oxidation. Olive oil and castor oil are 
examples of non-drying oils [17]. Semi-drying oils contains one or two unsaturations 
that slowly can cross-link through oxidation. The semi-drying oil film will never be 
completely tack-free. Soybean and tall oil are semi-drying oils [17]. Drying-oils are 
highly unsaturated oils that air oxidizes to a tack-free film with time. A drying-oil is 
traditionally defined as a oil with a average number of diallylic groups per molecule 
greater then 2.2 [8]. Linseed and tung oil are commonly used drying-oils [17]. 
 
The fatty acids can also contain more unusual functionalities such as conjugated 
alkenes, epoxy, alkyne and hydroxyl groups [19-22]. These unusual structures are not 
grown in large quantities today, but modern crop development and gene modification 
techniques [23] may make them an environmental friendly alternative as raw materials 
in monomer and polymer synthesis [24-27]. The functionalities of the vegetable oils 
can also be chemically modified, e.g. dehydration, maleinization and 
prepolymerization of linseed oil [8, 18]. 
 
As vegetable oils are renewable materials, lot of research has been performed to find 
new fields of application, e.g. epoxidized oils as plasticizers and stabilizers for vinyl 
plastics, reactive diluent, and printing ink [1, 12, 13, 20, 28-32].  
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2. EXPERIMENTAL 

Below follows a summery of the experimental details for the presented results. 
Complete details can be found in papers I and II. 

2.1. MATERIALS 
Two different rape seed methyl esters (RME), RME1 and RME2, have been used. 
The two main components in RME, methyl oleate and methyl linoleate, are shown in 
Figure 3. RME1 was supplied by Statoil Frescati, Stockholm, Sweden and RME2 was 
supplied by Norup Gård AB, Knislinge, Sweden, see Table 1 for composition. Methyl 
oleate (MeO, bp 218 ◦C, 20 mmHg), methyl linoleate (MeL, bp 192 ◦C, 4 mmHg), p-
toluene sulfonic acid (PTSA), and 2-octyl-1-dodecanol (ODOH) were purchased from 
Sigma–Aldrich. 1-octadecanol (mp 60–61 ◦C) was purchased from Merck. The 
polyester resin, hexamethoxymethylolmelamine (HMMM), dodecylbenzene sulfonic 
acid (DDBSA), dibutyltindilaurate (DBTDL), methyl ethyl ketone (MEK), and 
butyldiglycol acetate (BDGA) were obtained from Akzo Nobel Nippon Paint AB, 
Gamleby, Sweden. The polyester resin used was a hydroxyl functional polyester 
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% with a hydroxyl value of 
120.9 mg KOH/g resin, a acid value of 8 mg KOH/g resin, and a molecular weight, 
Mw, of 4200±500 g/mol determined by size exclusion chromatography (SEC). 
Unprimed hot dipped galvanized steel sheets (HDG) and non-stick coated aluminum 
sheets were used as substrates. All chemicals were used as received. 
 

O

O

Methyl oleate

O

O

Methyl linoleate  
 
Figure 3. The two main components in RME, methyl oleate and methyl linoleate 
 
Table 1. FAME composition of RME1 and RME2 (wt%). Carbon chain length: number of 
unsaturations. 
 

 RME1 RME2 
C18:1 66.5 58.3 
C18:2 15.4 20.9 
C16:0 6.2 4.3 
C18:3 4.5 10.5 
Other FAME:s 5.4 5 
Oligomers 2 1 
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2.2. SAMPLE FORMULATIONS 
Two different test series, a three component fully formulated clear coat system and a 
two component model systems, have been evaluated. The samples in the first test 
series are denoted 1–12 and in the second series A-M. 

2.2.1. Fully formulated clear coat system 
Formulations with a polyester:HMMM weight ratio of 17:3 with different amounts of 
RME2 were mixed according to Table 2. Sample 5-8 and 9-12 were diluted with 
BDGA and MEK respectively to a viscosity of 70±5s determined by viscosity 
measurements. Before application 3wt% DDBSA was added to the mixtures. 
 
Table 2. Formulation details for the three component full system study. All mixtures contain the 
solvent present in the polyester resin. Solvent A is BDGA and B MEK. 
 

Sample RME2 [wt%]* Solvent Dry content [%]** 
1 0 - 73.3 
2 5 - 74.6 
3 10 - 75.7 
4 20 - 77.7 
5 0 A 56.0 
6 5 A 58.3 
7 10 A 59.2 
8 20 A 68.2 
9 0 B 65.4 
10 5 B 66.6 
11 10 B 70.1 
12 20 B 74.0 

 
* Weight percent added RME2 calculated on wet polyester resin and HMMM mixtures before addition 
of BDGA and MEK. ** The polyester, HMMM, and RME are considered as dry content and the 
solvent present in the polyester resin and additional solvent as wet content. 

2.2.2. Model studies 
The composition of each studied two component formulations are presented in Table 
3. The formulations were prepared with a FAME/alcohol molar ratio of 1:1 and 3 wt% 
catalyst. Each formulation was cured in both oven 1 and 2 (see section 2.3.7) whereas 
the samples will be named 1 for oven 1, and 2 for oven 2. Sample B2 consist of a 
RME1/octadecanol mixture in functional group ratio 1:1 with 3 wt% DDBSA cured in 
oven 2. 
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 Table 3. Compositions of the two component model systems. 
 

Sample FAME Alcohol Catalyst 
A RME1 1-octadecanol PTSA 
B RME1 1-octadecanol DDBSA 
C RME1 1-octadecanol DBTDL 
D RME1 ODOH DDBSA 
E RME1 ODOH DBTDL 
F MeO 1-octadecanol DDBSA 
G MeO 1-octadecanol DBTDL 
H MeO ODOH DDBSA 
I MeO ODOH DBTDL 
J MeL 1-octadecanol DDBSA 
K MeL 1-octadecanol DBTDL 
L MeL ODOH DDBSA 
M MeL ODOH DBTDL 

 

2.3. TECHNIQUES 

2.3.1. Size exclusion chromatography 
SEC was performed using a Viscotek TDA Model 301 equipped with a GMHRR-M 
column with TSK-gel from Tosoh Biosep, a VE 5200 GPC Autosampler, a VE 1121 
GPC Solvent pump, and a VE 5710 GPC Degasser, all manufactured by Viscotek 
Corp. Tetrahydrofuran (THF) was used as mobile phase. The molecular weight was 
determined using a universal calibration method created using broad and narrow 
polystyrene standards. Corrections were made for the flow rate fluctuations, using 
THF and toluene as internal standard. 

2.3.2. Thermal gravimetric analysis 
The volatility property of RME was analyzed with thermal gravimetric analysis (TGA) 
performed on a Mettler Toledo SDTA/TGA851 equipped with a water cooler. A 14 
mg sample was heated from 30°C to 300°C with a heating rate of 20°C/min in oxygen 
atmosphere.   

2.3.3. Viscosity measurements 
The viscosity was measured with a Gardco/DIN 4mm viscosity cup conformed to the 
flow characteristics specified by Deutsche Normen DIN 53211. The wet mixtures were 
measured at 23°C by filling the Gardco/DIN 4mm viscosity cup to the rim while 
blocking the orifice. The viscosity value was set to the time for the mixture to efflux 
until the first break of the stream. 

2.3.4. Infrared spectroscopy 
IR and RTIR spectra were obtained on a Perkin Elmer Spectrum 2000 instrument 
equipped either with a single reflection ATR accessory (Golden Gate) or a heat 
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controlled ATR from Specac Ltd. (Kent, England). The infrared measurements were 
performed in reflection mode.  
 
For the real time infrared (RTIR) measurements was the heat controller set to desired 
temperature (110, 130, 150, or 170 °C) and the system left to equilibrate for 10 min. 
Two drops (~75µl) of sample was then placed on the ATR crystal and the 
measurements were 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. 

2.3.5. Raman spectroscopy 
Raman analysis was performed on a Perkin Elmer Spectrum 2000 FT-Raman. 
Analysis on the wet RME was performed in a glass-tube placed in the sample holder 
and on the dry films by placing folded film samples of approximately 3 mm in the 
sample holder. 

2.3.6. 1H NMR 
1H NMR were performed on both a 400MHz Bruker Aspect NMR and a Bruker 
Avance 400MHz using CDCl3 as solvent. 

2.3.7. Film formation and curing 
Thermal cure of films were performed both in a laboratory oven built to simulate coil 
coating curing manufactured by Tryckluftsteknik i Västervik AB, Västervik, Sweden 
(oven 1), and in a convection T6 function line oven from Heraeus instruments (oven 
2). 
 
Model reactions in thin film 
For samples B–C, F–G, and J–K containing 1-octadecanol (mp 60–61 ◦C) the 
substrates were pre-heated to 68°C in order to avoid crystallization. Films reacted in 
oven 1 were applied with a thickness of 60µm wet film on cleaned and dried HDG 
substrates. The films were reacted at 330°C for 55 and 50 s, respectively, for the 
ambient and pre-heated substrate until the PMT reached approximately 230°C as 
determined with temperature-indicators attached to the steel substrate. The samples 
were then air-cooled at ambient conditions. 1H NMR samples were taken from the 
reacted films. Films reacted in oven 2 were also applied with a 60 µm applicator on 
cleaned and dried HDG substrates and then reacted for up to 60 min at, respectively, 
110, 130, 150 and 170 °C. Approximately 10 1H NMR samples were taken at regular 
interval during the reaction period. 
 
Free standing fully formulated clear coat films 
A non-stick coated aluminum sheet was used as substrate to obtain free standing films. 
The films were applied with spiral applicators to obtain a dry film thickness of 
20±5µm. Each formulation was cured in oven 1 directly after application at 300, 400, 
and 500°C respectively to a peak metal temperature (PMT) of 232-241°C determined 
with temperature-tape-indicators attached to the substrate. The increase in oven 
temperature reduces the curing times from 48s at 300°C to 24s at 400°C and 15s at 
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500°C. One set of sample 1-4 was left to flash-off at ambient conditions for 15 
minutes before curing. 

2.3.8. Reaction in bulk 
Thermal reactions in bulk were conducted in inert atmosphere. Mixtures of 0.5 g of 
formulations B–M were prepared in a round bottled flask placed under argon (Ar) 
flow for about 30 min while stirring with a magnetic stirrer. The temperature was set 
to 68°C for samples B–C, F–G, and J–K containing 1-octadecanol (mp 60–61 °C) and 
room temperature for D-E, H-I, and L-M. The temperature of all samples was then 
raised to 130°C and the catalyst was added. The system was left to react for 15 min 
under Ar flow.  

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

2.3.10. Extraction 
FAME was extracted for three days from free standing films with hexane. Gas 
chromatography (GC) analysis on the rotaevaporated extraction was performed by the 
SW laboratory, Svalöf, Sweden.  

2.3.11. Dynamic mechanical analysis 
Dynamic mechanical analysis (DMA) was performed on TA-instrument Q800 
equipped with a film fixture for tensile testing. Film tension DMA measurements were 
performed on rectangular dried film samples (20x6 mm) between 30 and 100°C with a 
heating rate of 2°C/min. The tests were performed in controlled strain mode with a 
frequency of 1 Hz, oscillating amplitude of 50 µm, and force track of 145%.   
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3. RESULTS AND DISCUSSION 

The use of reactive diluent in coatings will affect the performance for the entire 
production chain from application and film formation to the final film properties. It is 
crucial that the diluent fulfills the specific demands in all steps. The following sections 
will concern the effect upon introduction of RME as reactive diluent in a thermally 
cured solvent-borne coil-coating system.  

3.1. RHEOLOGY 
One of the properties of reactive diluents is that they work as diluents lowering the 
viscosity of mixtures. Therefore, solvent can be exchanged for reactive diluent. RME 
is believed to be a good reactive diluent as it has low viscosity and FAME in general 
has good solubility properties [16]. Viscosity measurements of sample 1-4 showed that 
RME has diluting properties in the fully formulated clear coat system (see Figure 4). 
However, RME is not as powerful solvent as conventional solvents, established with 
comparison of viscosity measurements of sample 5-12. Of the two conventional 
solvents evaluated was MEK more powerful solvent than BDGA. The results show 
that up to 20% of the conventional solvents can be replaced in a fully formulated clear 
coat system while retaining a suitable application viscosity. 
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Figure 4. Viscosity versus reactive diluent content. 
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3.2. FILM FORMATION 
Curing is affected both by evaporation of solvent and the chemical crosslinking 
process. Solvents and other volatiles, including added reactive diluent, must evaporate 
at a controlled rate to avoid film defects like frothing, sagging and leveling defects [8, 
18]. No direct studies of the film formation could be performed as the cure rate in coil 
coatings is very high. Hence, only the final dry films were studied.  
RME enhanced the film formation properties of the system as more leveled films with 
less frothing were obtained with higher RME content. It is suggested that RME acts as 
a plasticizer and a so called tail solvent, increasing the mobility of the system during 
the final stages of the film formation, providing good flow and leveling of the film [8, 
18]. The increased mobility of the system also permits a more controlled evaporation 
of the conventional solvents. The low polarity of RME 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 film edges of the films left to 
flash-off for 15 minutes. Otherwise, the film formation was not noticeably effected by 
the flash-off period.  

3.3. INCORPORATION OF RME 
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 RME is 
suggested to react with the hydroxyl groups of the polyester chemically bonding RME 
into the final film. However, RME can also be considered as volatile as it starts to 
evaporate at 200°C and the films are cured to a PMT of 232-241°C. The volatile 
property of RME is not only negative as it allows evaporation of non-reacted RME 
that otherwise would remain in the dry film i.e. the RME either reacts into the film or 
evaporates. 

3.3.1. Fully formulated clear coat studies 
The fully formulated clear coat-films are chemically crosslinked and can therefore not 
be dissolved, limiting possible analyze methods. Raman analysis, carbon-14 dating, 
and extraction were performed to confirm incorporation of RME in the films.  
 
The double bonds in RME show a strong signal at approximately 1650 cm-1 in Raman 
spectra. This signal is the only one in RME that is not overlapped with peaks from 
either the polyester or HMMM. However, no peak at 1650 cm-1 could be detected 
indicating either that RME has evaporated, or that the unsaturations have reacted, e.g. 
oxidized or polymerized. 
 
Carbon-14 dating can be used to determine the presence of RME as RME is derived 
from rape seed grown during the last few years while the other components in the 
coating (polyester, HMMM, and solvents) are derived from oil, an old carbon 
resource, according to the supplier. The analysis showed that RME remained in the 
films as the estimated age decreased with increased RME content (see Table 4). 
However, the method does not confirm incorporation of RME via transesterification 
but just the presence. Carbon-14 dating is also not a conventional method for this kind 
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of application why quantification is difficult. A clear trend is however seen with a 
decreased average age with increased RME content in the formulation.  
 
Table 4. Carbon-14 dating data. 
 

Sample 14C age BP* 
1 >40 000 
2 37 555 ± 1 890
3 34 560 ± 1 300
4 25 850 ± 440 

 
 * BP=before present, defined as AD 1950. 

 
The extraction tests showed that no significant amount of RME could be extracted 
from the films with the method used.  
 
The combination of the results from the Raman, carbon-14 dating, and extraction tests 
strongly suggest that RME reacts into the film via the acyl group and that unreacted 
RME is evaporated. The results furthermore indicate that the unsaturations react 
during curing although it is not clear if this leads to further crosslinking or chain 
scission. It is well known [13, 33] that unsaturated fatty acids can contribute to both 
reaction routes and further tests is needed to clarify this (see section 5. Future work). 
The model studies presented below and results in section 3.4 furthermore support 
incorporation of RME into the films. 

3.3.2. Model studies 
The reactivity between the methyl ester of the RME and the hydroxyl group in the 
polyester have been simulated by performing model studies between RME and its pure 
main components, MeO and MeL, and primary alcohols. The transesterification 
reaction is easier analyzed with this model system where the product can be dissolved. 
In the present work was the kinetics of the model studies analyzed with RTIR and 1H-
NMR.  

3.3.3. Effect of FAME structure 
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 is transesterified with alcohol (see Figure 5). With increased temperature is the 
time to obtain a fully shifted carbonyl peak decreased, i.e. the reaction proceeds faster 
at higher temperature (see Figure 6). 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 could be obtained within the desired time frame. 
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Figure 5. RTIR shift of the carbonyl peak at approximately 1740cm-1 during 60 min for mixture J 
at130°C. 
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Figure 6. Normalized absorbans for fully shifted carbonyl peak versus time for mixture F at 130°C, 
150°C, and 170°C measured with RTIR. 
 
1H-NMR also confirm transesterification as a new peak appears at 4 ppm (-
CH2CH2OCO-) from the new ester and the integrals from the reactants at 3.6 ppm 
(FAME CH3OCO-), 3.6 ppm (octadecanol –CH2CH2OH), and 3.5 ppm (ODOH –
CHCH2OH) decreases (see Figure 7). The NMR spectra also show that FAME 
oxidizes as the integrals from the unsaturations peaks at 5.3 ppm (-CH=CH-) and 2.7 
ppm (-CH=CHCH2CH=CH-) decrease when the reaction is performed in air. It is 
difficult to exactly estimate the amount of oxidation as the oxidation process is very 
complex and numerous reactions occur simultaneously [33, 34]. In the present study 
has the decrease of the signal at 5.3 ppm relative to the protons on the carbon beside 
the acyl group at 2.3 ppm been used as a relative measure of the oxidation, although 
this only partly describes the overall oxidation process. Oxidation is a competing side 
reaction to the transesterification reaction depending on presence of oxygen, 
temperature, and reaction time. The higher number of unsaturation the higher degree 
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of oxidation the FAME will be subjected to. The degree of transesterification 
conversion is lowest for MeL of the three evaluated FAMEs as MeL has the highest 
number of unstaurations, two (see Figure 8). However, the FAME must contain one or 
several unsaturations otherwise it will crystallize at ambient conditions.  
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Figure 7. 1H-NMR spectra sample F2 after 30 min cure at 130°C. 
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Figure 8. Conversion versus reaction time for sample B2, F2, and J2 at 110°C. 
 

3.3.4. Effect of alcohol structure 
A minor model study of the choice of polyester monomer shows that care must be 
taken to not introduce easily oxidized monomers when using linoleate esters as 
reactive diluents. The degree of oxidation was sufficiently greater for a primary 
alcohol containing tertiary hydrogen compared to a primary alcohol without tertiary 
hydrogen when reacted with MeL. This difference indicates that not only MeL but also 
the alcohol is susceptible to oxidation due to the presence of tertiary hydrogens which 
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can be abstracted in an autooxidation process. No extra care in choice of polyester 
monomer has to be taken when using RME or MeO as reactive diluent as no greater 
oxidation was noticed in these systems. 

3.3.5. Effect of catalyst 
The effect of catalysts change with altered cure conditions (see Figure 9). DBTDL is a 
more efficient catalyst than DDBSA under industrial cure conditions. The efficiency is 
the opposite when cure is performed at lower temperatures (110, 130, and 150°C) with 
RME and MeL as FAME. At these low temperatures is the degree of oxidation greater 
with DBTDL as catalyst. For MeO as FAME is the difference between the two 
catalysts minor. This difference may be due to different temperature dependence for 
the different catalyst [35], i.e. the Arrhenius factor and activation energy differs, or the 
fact that the cure time is much shorter under industrial curing conditions somewhat 
preventing oxidation.  
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Figure 9. Conversion versus time for sample B2 cured at 110°C (○) and 150°C (●) and sample C2 
cured at 110°C ( ) and 150°C (▲). 

3.4. FILM PROPERTIES 
The final coated metal sheet in coil-coatings is cut, bent, punched, and drawn into the 
desired shape putting high demands on the film properties. These properties should not 
be negatively affected upon the introduction of a reactive diluent that will affect the 
film formation process. The free standing films of the fully formulated clear coats 
were analyzed with DMA to reveal how the incorporation of RME affects the 
mechanical properties.  

3.4.1. Effect of reactive diluent 
The glass-transition temperature (Tg) of the films were lowered when 10 and 20 wt% 
RME was added (see Figure 10). This decrease was expected as the long unpolar chain 
(18 carbons) of RME is proposed to plasticize, change the polarity and lower the 
crosslink-density of the coating thereby decreasing the Tg. A slight increase, however, 
was noticed when adding 5 wt% RME. This increase may be due to changes in 
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crosslinking chemistry and polarity, oxidative crosslinking and/or antiplasticization. 
Antiplasticization, stiffening of the material instead of plasticization, is often observed 
when small amounts of plasticizer are added to polymers [36-38]. The consumption of 
unsaturations, as seen from the Raman spectra, indicates that oxidative crosslinking 
can occur to some extent. The network is more heterogeneous upon introduction of 
RME, as indicated by the decreased magnitude and broadening, i.e. width of the tan δ 
curve, of the glass transition [39].  

3.4.2. Effect of oven temperature 
The mechanical properties of the initial fully formulated clear coat systems without 
any addition of reactive diluent were not affected by change of oven temperature (see 
Figure 11, diagram 1). There were some minor variations in Tg with changed oven 
temperature for the films with high amounts of added reactive diluent (20 wt%) (see 
Figure 11, diagram 2). These variations were, however, not logical with the highest Tg 
at 300°C and lowest at 400°C. The variations may be due to different time-temperature 
dependences for degree of evaporation and sidereactions, which would increase Tg, 
and the incorporation of RME, which would decrease Tg. 

3.4.3. Effect of co-solvent 
Co-solvent has to be added to the system to attain the right application viscosity. Co-
solvent will not only affect the film formation process but may also cause co-
evaporation of RME. The Tg shifts depending on solvent. The lowest Tg is obtained 
with BDGA as solvent and the highest Tg is in the sample without any additional 
solvent for the evaluated films without any reactive diluent. These shifts in Tg are 
related to the different vapor pressure and polarity of the solvents. The homogeneity of 
the initial system is not affected by the solvent choice.  
 
Various variations depending on solvent were observed upon addition of RME. The 
glass transitions of the samples with 20 wt% RME, sample 4, 8, and 12, were shifted 
compared to the initial transitions. The shift was greatest for sample 4, without any 
addition of solvent, indicating that a higher degree of plasticizing RME may be present 
in the film. This indication confirms co-evaporation of RME in the diluted samples. 
The homogeneity of sample 4 was also significantly decreased. 
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Figure 10. A. Storage modulus, B. Loss modulus, C. Tan δ for sample 1 (          ), 2 (           ),  
3 (           ), and 4 (           ) cured at 400°C. 
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Figure 11. A. Tan δ for sample 1, B. Tan δ for sample 4 at 300°C (           ), 400°C (           ), and 
500°C (           ) respectively. 

3.4.4. Effect of flash-off 
As choice of co-solvent has shown to affect the mechanical properties of the cured 
coatings is it highly likely that a flash-off time also will do so. DMA measurements 
show that the film forming process is only slightly affected by a flash-off period of 15 
minutes (see Figure 10 and 12). Comparison shows that the films left to flash-off have 
a slightly decreased Tg and are more homogenous. 
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Figure 12. A. Storage modulus, B. Loss modulus, C. Tan δ for sample 1 (          ), 2 (           ),  
3 (           ), and 4 (           ) with a flash-off period of 15 minutes before cure at 400°C. 

18 



Conclusions 
___________________________________________________________________________ 

 

4. CONCLUSIONS 

FAME derived from rape seed oil fulfills the demands for a reactive diluent in a 
solvent-borne thermally cured polyester/melamine coil-coating system. The evaluated 
RME works as a diluent, and is incorporated into the film without negatively affecting 
the mechanical properties of the final coat. 
 
The reactive diluent RME lowers the viscosity of a fully formulated 
polyester/melamine clear coat system thereby is it possible to exchange conventional 
solvent for RME. However, it is not as powerful diluent as solvents and very large 
amounts of RME are required to obtain application viscosity without any addition of 
traditional solvent. 
 
Introduction of RME in the system enhance the film formation process and the 
occurrence of leveled and defect free films. This enhancement is achieved as RME act 
as a plasticizer and tail solvent increasing the mobility during the final stages of film 
formation. 
 
The incorporation of RME in the fully formulated clear coat system is difficult to 
confirm. However, carbon-14 dating has shown that the final films contain RME that 
can not be extracted. The appearance and mechanical properties of the films are also 
significantly affected by addition of RME 
 
It has been confirmed with model studies that the methyl ester of RME can 
transesterify with the hydroxyl groups of the polyester under industrial coil-coating 
cure conditions. The transesterification reaction is effected by FAME structure, 
polyester polyol-monomer structure, catalyst, and heating rate. Both evaporation and 
oxidation of FAME is competing factors with the transesterification making it 
important to have oxidation-stable reactants.    
 
The mechanical properties of free standing films are affected by the addition of RME, 
oven temperature, co-solvent, and flash-off period. Incorporation of RME and extent 
of evaporation affects the glass transition. Tg is decreased by incorporation of RME 
and increased by an increased extent of evaporation and oxidative polymerization. 
Introduction of RME also increase the heterogeneity of the coating. 
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5. FUTURE WORK 

The present study shows that RME 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 of the system. The oxidation process of RME 
has not been fully established with the performed studies. Extended oxidation studies 
with different FAME structures could clarify the present oxidation processes. 
 
Coil-coated 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 some durability test, but further studies are desirable.  
 
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 could be 
increased if the reactivity and functionality of the resin was increased. Modification of 
the resin, e.g. use of a hydroxyfunctional hyperbranced polyester, could also lead to a 
decreased viscosity and need for additional conventional solvent in the system. The 
amount of renewable material in the coating could also be increased by introduction of 
vegetable oils in the binder resin. 
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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”. 
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