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Abstract 

Replacing solventborne coating with waterborne can reduce emission of VOC 
from paint shops, and decrease the amount of CO2 released from after-burners. 
The chemistry of 2K WB urethane coatings includes complex kinetics, with a 
selectivity which is highly dependent on application and curing conditions. To be 
able to design a coating process producing stable high quality coatings, it is 
important to know what factors affect the material properties. In this project, the 
effect of variations in temperature during curing of 2K WB and 2K SB topcoats 
have been evaluated in order to determine if there are any measurable effects 
on the material. The significance of these difference have also been evaluated 
to substantiate the need for thorough design of the curing process.  

After evaluation of visual, mechanical and chemical properties, as well as the 
durability of the cured topcoats, it was found that the effect of curing 
temperature on the level of gloss on 2K WB topcoats could be seen with the 
naked eye. Effects on colour, hardness, flexibility, adhesion and durability could 
also be measured, and revealed apparent changes in the material. Increased 
curing temperature had effects on both cross-linking density and isocyanate 
conversion. The heightened temperature contributed to the formation of 
topcoats with significantly decreased level of gloss and reduced stone-chip 
resistance, but also increased hardness and chemical resistance to an extent 
that was deemed significant. Varied curing temperature was found to give 
variations in durability, which with time may give different ageing properties of 
parts coated under different conditions. Before implementation of this type of 
waterborne topcoat, it is recommended that several properties be further 
evaluated, such as the effect of humidity and wet paint viscosity on the material 
properties. 
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Sammanfattning 

Genom att ersätta lösningsmedelsburna ytbehandlingar med vattenburna kan 
man kraftigt reducera utsläppen av VOC från lackeringsverkstäder och minska 
mängden CO2 som frigörs från efterbrännare. Kemin för 2K WB uretanlacker 
innefattar komplex kinetik med selektivitet som är starkt beroende av 
applicerings- och härdningsbetingelser. För att kunna konstruera en 
ytbehandlingsprocess som producerar stabila högkvalitativa ytbehandlingar är 
det viktigt att känna till vilka faktorer påverkar materialegenskaperna. I detta 
projekt har effekten av variationer i temperatur under härdning av 2K WB och 
2K SB topplack utvärderats för att fastställa om det resulterar i mätbara effekter 
på den färdiga topplacken. Även signifikansen av dessa skillnader har 
utvärderats för att bedöma behovet av noggrann utformning av 
härdningsprocessen.  

Efter utvärdering av visuella, mekaniska och kemiska egenskaper samt 
hållbarheten hos de härdade lackerna, fanns det att effekten av 
härdningstemperaturen på nivån av glans för 2K WB topplacker kunde ses med 
blotta ögat. Effekter på färg, hårdhet, flexibilitet, vidhäftning och hållbarhet 
visades också mätbara, och visade på tydliga förändringar i materialet. Förhöjd 
härdningstemperatur visade sig ha effekter på både tvärbindningsdensiteten 
och omsättning av isocyanater hos härdaren. En förhöjd härdningstemperatur 
påvisades även bidra till bildandet av en topplack med avsevärt minskad 
glansnivå och visst minskad stenskottsbeständighet, men även ökad hårdhet 
och kemikalietålighet i en omfattning som fanns signifikant. Varierad 
härdningstemperatur visade sig ge variationer i hållfasthet, som med tiden 
riskerar att ge olika åldringsegenskaper hos komponenter belagda under olika 
förhållanden. Innan denna typ av vattenburen täckfärg implementeras i 
produktion rekommenderas att ytterligare egenskaper utvärderas, såsom 
inverkan av fukt och våtfärgsviskositet på ytbehandlingens slutegenskaper.
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1 Background 

1.1 Introduction 

As the general population gets more and more environmentally aware, the 
demands on the industry to adapt their processes to have less environmental 
impact increase. The environmental work at Scania today is classified according 
to the ISO14001 standard, and includes constant pursuit of improvement in 
several areas. The aim is to reduce the environmental impact from each truck, 
from the drawing board to the vehicle recycling. One aspect to be addressed, 
which may have an impact on the environment both globally and in the indoor 
production facility, is the emissions of volatile organic compounds (VOC) from 
organic surface treatment in paint shops all over the world. The VOC emissions 
can be reduced in several ways. In automated paint shop facilities with a 
relatively constant production, e.g. the paint shop in Meppel, there are benefits 
with incinerating the emitted solvents using an after-burner, which reduces the 
solvents to CO2 and water, and allows partly reuse of the energy i.e. for heating 
of ovens. One drawback with solvent incineration is however the release of 
CO2, a well known greenhouse gas, into the atmosphere. A second issue is that 
the method is not as efficient in smaller finish paint shops, as the solvents are 
emitted in periodical cycles and not in a continuous flow. To reduce the VOC 
emissions from every part of the painting process, it is clear that other 
measures must be taken to prevent the solvent from entering the production in 
the first place. 

VOC emissions are more efficiently reduced by replacement of wet coating 
system, e.g. by changing from solventborne (SB) to waterborne (WB) coating 
systems, and almost eliminated by switching to powder coatings. As powder 
coatings often demand high curing temperatures, the use as coating of plastics 
is limited. Adjustment to WB coatings is followed by new demands on the 
coating process, as the evaporation rate of water from the system during film 
formation and curing will act in relation to the temperature and humidity in the 
paint box. These are both properties that will vary largely, not only across the 
world but also from day to day, in facility without automated climate control. 

1.2 2K Waterborne topcoat 

1.2.1 Composition 

Waterborne urethane coatings are generally formed as water-reducible 
systems, where the resin and cross-linking agent are dissolved in water 
miscible solvents and then thinned (reduced) by water. The mixing of the 
components in the paint is important to produce a homogenous coating material 
without flocculation of hydrophobic components. To facilitate this step, pigments 
and cross-linking agents in the coating system can be hydrophilically modified. 
This reduces required shearing energy needed during mixing, which is 
especially important for a system intended to be mixable by hand. A 
disadvantage with this hydrophilical treatment is that it may reduce the water 
resistance of the finished coating.  
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A catalyst is often added to the system to promote curing for low-bake coating 
systems. The choice of catalyst will affect both isocyanate reaction selectivity 
and weathering resistance of the topcoat. Dibutyltin dilaureate (DBTDL) is one 
of the most used catalysts for isocyanate cured coatings, but several organic 
catalysts are used today as well, such as tertiary amines. The advantage of 
organic catalysts are improved ageing and weathering resisting properties, 
combined with reduced environmental impact (Meyer, Rosdahl, Saarnak, 
Säberg, & Hörding, 2002). The advantage of the tin catalyst is the ability to 
compose storage stable mixtures with isocyanates when combined with p-
toluensulfonylisocyanate (Wicks, Jones, Pappas, & Wicks, 2007). 

There are several binders which can be used in waterborne topcoats, and two 
commonly used are hydroxyl terminated polyesters and hydroxyl substituted 
acrylics. These are often combined to give tailored properties, where the 
polyester provides better solvent resistance and the acrylate causes better 
exterior durability and reduces the cost. 

Isocyanates have a high toxicity due to high reactivity with biological 
components and high volatility. By increasing the molecular weights of the 
diisocyanates trough formation of polymeric derivatives, the toxic hazard can be 
reduced. Diisocyanate polymers have reduced vapour pressure as well as 
decreased permeability through biological membranes. By combining these 
properties with proper safety gear and ventilation, the hazard for people working 
with these systems can be reduced to acceptable levels. The polymeric 
derivates of diisocyanates have increased functionality and can be formulated 
with low viscosity, which reduces the need for increased amount of solvents in 
the system to compensate for the increased molecular weight. The increased 
functionality can also improve the weathering resistance and colour retention of 
the cured topcoat. 

1.2.2 Isocyanate chemistry 

The main reaction in the isocyanate chemistry consists of the reaction between 
isocyanate and the hydroxyl functional resin, forming a urethane linkage. As the 
multifunctional isocyanate continues to react with another hydroxyl group of the 
resin, a cross-linked network is formed. 

 

Figure 1: Isocyanate-hydroxyl reaction forming urethane 

One of the main side-reactions of this type of system is reaction between 
isocyanate and water, forming carbamic acid. The acid instantly decomposes to 
an amine and carbon dioxide. The reactivity between isocyanates and amines is 
very high, causing the amine to react with a second isocyanate practically 
instantaneous. This creates a urea linkage, which acts as a cross-linker 
between the isocyanates. 
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Figure 2: Isocyanate-amine reaction forming urea 

One of the main differences between urethane and urea bonds is the backbone 
flexibility. The oxygen linkage in the urethane allows for higher mobility of the 
urethane segments, and allows the structure to align and form cyclic hydrogen 
bonds to a much larger extent than urea does. The cyclic hydrogen bonds allow 
the material to absorb higher amount of energy, and can thus prevent material 
degradation during mechanical stress (Wicks, Jones, Pappas, & Wicks, 2007). 

 

Figure 3: Left – acyclic H-bond, right – cyclic H-bond 

Isocyanates perform several other side reactions and will in combination with 
water reactions consume the active isocyanates and reduce reactions with the 
hydroxyls of the resin. Residual hydroxyls in the topcoat will decrease water 
resistance by increasing hydrophilicity, and are thereby highly undesirable. The 
2k waterborne system is therefore designed to compensate for excess reactions 
with water, both from solvents, water in the dispersion and air humidity. The 
compensation is made by increasing the ratio between the isocyanate and 
hydroxyl groups (NCO:OH ratio), and contributes to bringing up the price for 
waterborne urethane coatings, as isocyanates generally are more expensive 
than hydroxylated binders. 

 

Figure 4: Isocyanate-urethane side-reaction forming allophanate 

 

Figure 5: Isocyanate-urea side-reaction forming biuret 

As the consumption of isocyanates in the urea forming reaction demands 
presence of water, it is clear that the curing kinetics of the 2K WB topcoat is 
affected by application and curing conditions. The coating is applied by spray 
painting in two layers, combined with flash offs both in between and after both 
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layers. The water content of the coating is reduced by evaporation during these 
three steps, and will thereby reduce the amount of urea forming reactions that 
can take place during curing. If the application is performed at elevated 
humidity, the evaporation of water will be lower. This may cause high formation 
of CO2 in the coating during curing, and cause visual defects in the form of 
boiling in the topcoat. The many reactions taking place with isocyanates present 
are all affected by different kinetics, which will in turn be affected by the curing 
temperature. It is therefore reasonable to believe that the curing temperature 
may have a significant effect on the final properties of the thermally cured 2K 
WB topcoat. 

1.3 Aim 

Feasibility trials with a 2K WB topcoat system for painting of plastic chassi parts 
has recently been made at the finish paint shop in Södertälje. The quality of the 
topcoat did however come with large variations due to worse process 
robustness for manual application compared to the solvent borne system. 
Issues with levelling, sagging and boiling were found. Plausible reasons for the 
variation in quality might be the varying temperature reached in the oven used 
for curing, as well as low climate control in the facility. The changes in weather 
from day to day also altered the humidity and temperature during application. 
As mentioned previously, there are reasons to believe that all of these factors 
affect the chemical curing of the urethane topcoat. As Scania seeks to 
implement coating processes which can be used at paint shops all over the 
world, it is important to know what effects will be seen by altered processing 
conditions. 

The aim of this study is to evaluate the possibility to detect the influence of the 
curing temperature on the properties of two component waterborne topcoat, 2K 
WB. The purpose is also to estimate the significance of potential differences 
detected. 

2 Test material 

2.1 Topcoat 

The systems evaluated are commercial topcoats available today. Two 2K WB 
topcoats, one with high and one with low degree of pigmentation, and one high 
pigmented 2K SB topcoat were used. The waterborne and solventborne system 
consist of acrylic binders with a smaller amount of polyesters, cured with 
isocyanate cross-linking agents. The compositions of these agents vary 
between the systems. The cross-linking agent of the waterborne topcoat 
consists of hexamethylene-di-isocyanate (HDI) polymers and isophorone 
diisocyanate (IPDI) homopolymer, catalyzed with dimethylcyclohexylamine. This 
tertiary amine most likely catalysis the curing reactions by assisting in the 
proton transfer (Wicks, Jones, Pappas, & Wicks, 2007). The cross-linking agent 
of the solventborne topcoat is based on HDI polymers, and the reaction is 
catalyzed by dibutyltin dilaureate (DBTDL). The storage stability of the catalyst 
is stabilized by p-toluensulfonylisocyanate. The waterborne topcoat is designed 
for curing at 60-90 °C, while the solventborne topcoat is designed for curing 
temperatures between room temperature and 90 °C. The waterborne topcoat is 
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mixed with a larger ratio of isocyanates to hydroxyls compared to the 
solventborne topcoat. The NCO:OH ratio in the 2K WB is 1.5:1, while the ratio 
in 2k SB is 1.07:1. This is to compensate for the increased amount of water 
present in the system, which may increase the rate of the urea forming reaction 
as mentioned in section 1.2.2.  

2.2 Substrate 

Galvanised steel test panels with the approximate dimensions 100 x 200 x 1 
mm were used for all tests performed on coated substrates. Free films were 
prepared on polypropylene substrates, and then removed by manual peeling.  

3 Methods 

3.1 Coating procedure 

The solventborne coatings were applied by spray painting with a Wagner 
FineSpray 03, while the waterborne topcoats were applied using an Ecco 40  
manual spray gun. The viscosities of the paints were measured using the flow 
cup method, DIN 4 mm. Temperature and humidity in the application room 
during each flash-off were measured with a handheld Novasina MS1 humidity & 
temperature measurement device.  

3.1.1 Pre-treatment 

Temporary protection oil was removed from the steel panels by cleansing in the 
ultrasonic bench top cleaner FinnSonic m40i. The steel substrates were 
immersed in the pre-heated  50 °C water bath, containing the cleaning agent 
Neutrapon 5088, and washed for 3 minutes. The substrates were thereafter 
dried and cleansed with isopropyl alcohol prior to application of coatings. The 
surfaces of the polypropylene substrates were cleaned by wiping them with 
xylene, which allowed for better wetting of the surface.  

3.1.2 Application 

Binder and hardener were mixed by hand in ratios presented in Table 1, using a 
wooden rod. The viscosity of the coating was then reduced by addition of water 
or a solvent based thinner. For most samples, the topcoat was applied upon a 
primer cured for 10 minutes in an oven keeping 90 °C. The forced drying of the 
primer was applied in order to prevent dust from attaching to the wet paint. The 
coats were applied in two layers each, with a flash-off in between layers and 
prior to curing, as presented in Table 1. The curing conditions of each binder-
temperature system are presented in Table 2, and the curing times stated were 
measured from when the object temperature had reached a temperature of at 
most 3 °C below stated curing temperature. 
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Table 1: Application conditions of primer and topcoats 

Table 2: Time of curing for the binder-temperature systems which are to be evaluated 

 

Primer and total coat thicknesses were calculated as median values of 10 
points over the sample using an Elcometer 456. The measurement points were 
chosen at approximate locations on both layers to give a decent estimation of 
the topcoat thickness. All samples were stored in a climate room, at 23±2 °C 
and 50±5 % relative humidity, for at least 10 days before evaluation. 

3.2 Visual properties 

All samples were wiped clean from dust and fingerprints using a polishing cloth 
before measurements. 

3.2.1 Gloss 

The gloss of all binder-temperature systems were measured with a Byk Gardner 
Micro-Tri-Gloss, using the average gloss value at 20° angle from 3 measuring 
points per sample, according to ISO2813. 

3.2.2 Colour 

The colour was measured using a Minolta CM-3600d spectrophotometer, SCI, 
30 mm aperture, and analysed with the software Colibri. The systems cured at 
different temperatures were compared to a sample of the same binder cured at 
room temperature using the CIE standard illumination D65 according to 
STD4101. 

Coating 
system 

Volume 
ratio: 

Binder to 
hardener 

Flow cup 
viscosity 

Flash-off 
between 
layers 

Flash-off 
before 
curing 

Application 
temp. 

[°C] 

Application 
humidity 

[% RH] 

Primer 2:1 18-23 s 2 min 10 min 20-23 

(estimated) 

21-53 
(estimated) 

2K WB 
white 

3:1 19-24 s 10 min 25 min 20,3-22,8 21,7-53,3 

2K WB 
black 

3:1 19-23 s 10 min 25 min 20,4-23,4 21,8-47,4 

2K SB 
white 

3:1 20-22 s 2 min 10 min 20-23 

(estimated) 

21-53 
(estimated) 

Temperature 
Room 

Temperature 
(RT) 

40°C 60°C 90°C 120°C 

2K WB white 24h 2 h 1 h 30 min 10 min 

2K WB black 24h 2 h 1 h 30 min 10 min 

2K SB white 24h 1h 30 min 20 min 10 min 
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3.3 Post-curing 

Isocyanate cured topcoats are known to undergo significant post-curing after 
both ambient and forced curing. The effects are however often combinations 
between post-curing of excess isocyanates and densification of the cured 
material. In order to acquire reliable material property data for the paint material, 
one important aspect to determine is the extent of time required for the post-
curing process for polyurethane topcoats cured at different temperatures to 
complete. It is also valuable to study the effect the post-curing conditions, such 
as increased temperature,  to see if the rate of post-curing can be increased 
without affecting the final material properties. 

The post-curing of the black 2K WB and white 2K SB were followed by 
measuring the increase of König pendulum hardness, according to ISO1522. 
Two steel substrates per evaluated curing temperature were coated with primer 
and topcoat, and the initial pendulum hardness was measured on the cooled 
down samples within an hour after curing. The samples were then stored under 
two different conditions. One sample of each binder-temperature system was 
placed in a climate room, at 23±2 °C and 50±5 % relative humidity, and the 
other in an oven keeping 60 °C at ambient relative humidity. The König 
pendulum hardness was then measured every 24 h during weekdays on each 
sample for 10 days. The evaluation was also performed on substrates coated 
with topcoat only, in order to determine if the post-curing effect are the same 
with and without primer. 

3.4 Material properties 

3.4.1 FTIR 

The molecular properties of the topcoats were studied by Attenuated Total 
Reflectance Fourier Transformation Infrared Spectroscopy, ATR-FTIR. Spectra 
were acquired with a Spectrum 100 Optica FT-IR Spectrometer, equipped with 
a diamond/ZnSe crystal, and analyzed using the software Spectra. In order to 
reduce the influential factors on the systems evaluated, the samples chosen 
were matched with similar topcoat thicknesses. 

The FTIR spectra were calculated from 8 scans with 4 cm-1 resolution and a 
wavenumber range of 4000-650 cm-1. 

3.4.2 DSC 

The thermal properties of the topcoats were investigated using a DSC (Mettler 
Toledo DSC 820 module) under nitrogen atmosphere. Free film specimens 
without primer were prepared on polypropylene panels as described in section 
3.1. During this study, the full range of curing temperatures applied to the white 
2K WB topcoat was evaluated with this method. DSC measurements of the 
black 2K WB and white 2K SB, both cured at 60 °C, were also performed. 
Approximately 10 mg of the free films respectively were encapsulated in 100 µl 
aluminium caps without pins. The procedure was performed according to 
STD4177, with the following thermal programming. 
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Removal of thermal history  

Heating from -10 °C to 150 °C with a rate of 10 °C/min  
Constant temperature at 150 °C for 10 min 
Cooling from 150 °C to -10 °C with a rate of -10 °C/min 
Constant temperature at -10 °C for 10 min 

Measurement 

Heating from -10 °C to 150 °C with a rate of 10 °C/min  
Constant temperature at 150 °C for 10 min 
Cooling from 150 °C to -10 °C with a rate of -10 °C/min 

The second cooling scan was used to record the glass transition temperature, 
Tg, of the cured topcoats. The Tg was noted as the midpoint transition 
temperature. 

3.4.3 DMA 

The cross-linking densities of the coatings were evaluated using dynamic 
mechanical analysis, DMA. The instrument utilised was a TA Instruments DMA, 
model Q800, equipped with film tension clamps and a gas cooling accessory. 
Free film specimens of the coatings were carefully cut into pieces measuring 
approximately 10x40 mm using a scalpel, then stored in a climate room for at 
least 6 days. Care was taken to make sure the cut edges were smooth and that 
no surface defects were present in the samples tested, as this otherwise could 
affect the results by initiating weaknesses in the material. 

The measurement was preceded by a 5 min soaking time at -10 °C, and then 
performed in tensile mode with a temperature ramping from -10 °C to 180 °C at 
a 5 °C/s increase. The oscillation was kept at 1 Hz with a constant amplitude of 
10 µm. DMA measurements gave values for storage modulus, E’, and loss 
factor, tan δ. 

3.5 Mechanical properties 

3.5.1 Hardness 

The surface hardness, related to the pendulum damping, of the coatings was 
determined using a BYK Gardner Pendulum hardness tester 5854. Coated 
panels of the waterborne topcoat systems, with similar coating thicknesses, 
were stored in a climate room for at least 20 days prior to measuring, and then 
measured according to ISO 1522. The measurements were also complemented 
by measurement of pendulum hardness as a function of coat thickness for the 
white 2K WB and SB.  

Further evaluation of the hardness of the samples was made using nano-
scratch. The test was performed on a CSM Instrument Nano-scratch tester 
equipped with an indenter with a sphero-conical diamond tip (diameter 2 µm, 
α=90°) and evaluated using the software Scratch 3.0. A scratch map over three 
points on each sample was made, with an applied force ranging from 1 to 100 
mN at 10 mN/min and a velocity of 0.25 mm/min. Penetration depth was 
measured versus applied force, and the mean penetration depth after 100 mN 
applied force was used as a comparison value. 
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3.5.2 Adhesion 

Adhesion by high pressure spraying with water was evaluated according to 
STD4234, using a NIFAB high-pressure equipment model HTT-1 for samples 
prepared with an Andreas cross using a 0.5 mm scribing tool. 

3.5.3 Ductility 

The ductility of each binder-temperature system was evaluated for both 
extensibility and impact resistance. The extensibility was assessed by the 
cupping test according to ISO1520, using an Erichsen Lacquer and Paint 
Testing Machine, model 202. The impact resistance was measured according to 
ISO6272-1 with a Variable Impact Tester model 304, equipped with a 2 kg 
falling weight. Both tests were performed on 3 samples of each binder-
temperature system after at least 40 days of storage in a climate room.  

3.6 Durability 

3.6.1 Artificial weathering 

Artificial weathering of the coatings was performed according to ISO 4892-2, 
method A in a Q-sun Xe3-HDS from Q-panel using Q-daylight filter. The coated 
steel samples, one of each binder-temperature system, were stored in a climate 
room for post-curing for 6-9 days. A reference was cut from each sample, and 
fingerprints were removed using a polishing cloth. The panels were exposed to 
artificial weathering for 2500 h, and gloss and colour were measured every 500 
h. Chemical properties of reference and weathered samples were compared 
using FTIR. 

3.6.2 Scratch resistance 

Scratch resistance of the systems were compared by the measurement of gloss 
reduction after 5 respectively 10 cycles of marring in an Amtec Car Wash Lab 
Apparatus, containing synthetic dirt, in accordance with ISO20566. The gloss 
reduction was measured at a 20° angle as presented in section 3.2.1. 

The reflow of the marred samples were examined by placing them in an oven 
keeping 60 °C for 1.5 h. The reflow was measured as an increase in gloss, 
related to the value of the gloss measured for recently marred samples. 

3.6.3 Stone chip resistance 

Assessment of the stone chip resistance of each binder-temperature system 
was performed using a Multi-Test Gravelometer Impact Tester from Q panel. 
1000 g sharp-edged steel grit was ejected towards each sample, which was 
brushed with a standardized soft brush and evaluated in accordance with 
STD234.  

3.6.4 Water resistance 

Five samples of each binder-temperature system were immersed in a tub, 
containing deionised water preheated to 40 °C, for 96 hours as specified in 
ISO2812-2. Evaluation of adhesion by cross-cut and high pressure water test 
were performed in accordance with STD4113, along with evaluation of ductility 
by cupping and impact test. Furthermore, the blistering due to water penetration 
was estimated in accordance with ISO4628-2. 
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3.6.5 Chemical resistance 

All binder-temperature systems were tested for chemical resistance towards 
battery acid, according to STD4113. Sulphuric acid was diluted with deionised 
water, to a density of ρBA=1.280 g/cm3. Below is the derivation of the mixing 
proportions of sulphuric acid and deionised water required to reach the desired 
density of battery acid. 

 

 

 

 

 

 

 

 

Ratio H2O/H2SO4: 

 

Absorbent sheets were cut to round pieces, approximately 5 cm in diameter, 
and soaked in the battery acid. Four pieces were placed on coated steel 
samples from each binder-temperature system, wiped clean from any dust or 
fingerprints, and the absorbent pieces were covered with glass Petri dishes. 
The exposed samples were left in a fume hood for 24, 48, 72 and 96 hours 
before the absorbent was removed, and the surface rinsed with water.  

The chemical resistance was assessed in regards of softening as well as etch 
or bleach mark. The softening effect was measured with a pencil hardness 
equipment, equipped with a 0-3 N spring. The equipment was set to 1 N, placed 
on an unexposed part of the surface of the topcoat and gently drawn across the 
exposed area. The softening due to chemical exposure was estimated by use of 
the scale presented in Table 3. This was measured directly after rinsing and 
gentle drying of the exposed areas, as well as 24 hours after rinsing of the area 
exposed for 48 hours. 

In categorising the etch marks on the exposed surface, the scheme in Figure 6 
was used. The marks were evaluated in terms of size of blisters formed, s0-5, 
area of each etch mark formed, A0-5, and the density of which the etch marks 
covers the exposed surface, d0-5. Not all visual marks could however be 
classed as etch marks, as no material seemed to have been etched off, and 
were instead classed by visual degree of bleaching according to Table 4. 
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Figure 6: Scheme for grading etch marks on a coated surface.  
s – blister size, A – etch mark area, d – etch mark density 

 

Table 3: Criteria for evaluation of softening of a surface due to chemical exposure 

Grade Criteria 

0 No softening 

1 Minor increase in friction 

2 Clear increase in friction 

3 Large increase in friction 

4 The surface yields to the edge of the tool and 
loses some adhesion to the primer 
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Table 4: Criteria for evaluation of bleaching of a surface due to chemical exposure 

Grade Criteria 

b1 Bleaching can only be seen from certain 
angles. 

b2 The bleaching is easily spotted when 
looking straight at the surface. 

4 Results 

The nomenclature used when presenting data in figures and tables in the 
following sections is presented in Table 5. 

Table 5: Nomenclature used when evaluating the binder-temperature systems 

 

4.1 Visual properties 

The applied process conditions resulted in coatings where the low viscosity 
allowed some minor running of the uncured 2K WB topcoat, causing the coat 
thickness to increase around the edges of the coated substrate. This, in 
combination with higher rate of heating from the edges of the steel substrate, 
provided regions where boiling would occur for some of the samples cured in 90 
°C and 120 °C. This was observed to a larger extent with the white 2K WB 
topcoat than with the black, and only in close proximity to the edges.  

4.1.1 Gloss 

Increased curing temperature applied to the waterborne systems, of both 
pigmentations, resulted in a decrease in gloss which could be observed with the 
naked eye. This effect was not observed for the solventborne system, which 
was confirmed by the measurements, as presented in Figure 7. The study also 
indicates generally low level of measured gloss for the waterborne systems, and 
a larger drop in gloss for high curing temperature applied to the high pigmented 
2K WB compared to the system with low pigmentation. 

            Curing temperature 

Topcoat 

Room 
Temperature  

40 °C 60 °C 90 °C 120 °C 

2K WB white WwRT Ww40 Ww60 Ww90 Ww120 

2K WB black WbRT Wb40 Wb60 Wb90 Wb120 

2K SB white SwRT Sw40 Sw60 Sw90 Sw120 
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Figure 7: Nominal gloss measured at a 20° angle for all binder-temperature systems 

4.1.2 Colour 

Colour measurements, for samples with similar topcoat thicknesses post-cured 
for at least 25 days, are presented in Figure 8 in relation to a sample cured at 
ambient temperature for each system. It can be noted that the 2K SB system 
follows a rather even incline of relatively small amplitude, while both 2K WB 
systems experience more drastic change by curing temperature. 

  

Figure 8: Difference in colour of topcoat versus curing temperature compared to system cured at 
ambient temperature. 

4.2 Post-curing 

The post-curing of 2K WB with a low degree of pigmentation was followed for 
10 days, and is presented in Figure 9. The pendulum hardness did not reach 
the same top value for samples cured at different curing temperatures. 
However, the time required to reach this value appear similar, irrespective of 
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curing temperature. Samples post-cured in a 60 °C oven reached a higher 
pendulum hardness, compared to samples post-cured in the climate room, for 
all samples but the ones cured at 120 °C where the hardness was slightly 
decreased. A high increase was noted during the first 24 hours of post-curing in 
elevated temperature, as can be seen in Figure 10, but the time required to 
reach a stable value remained approximately the same as samples post-cured 
in a climate room.  

A difference in increase in pendulum hardness after completed curing was also 
observed for the different curing temperatures. Samples cured in temperatures 
below 90 °C displayed an increase in hardness ranging from 160 to 570 %, as 
seen in Figure 11, while the percentage increase for black 2K WB topcoat cured 
at 90 and 120 °C only reached 30 % while they were almost identical. 

The different coat thicknesses of the samples used for evaluation of post-curing 
of 2K SB were measured with a coating drill after the study was finished. At that 
point it was discovered that the thickness of the topcoat was too low to give 
reliable data. The post-curing of the solventborne samples will therefore not be 
addressed in this report, and can be found in the enclosed Appendix. It should 
also be pointed out that the total thicknesses of the 2K WB black samples were 
so diverse that no final conclusions should be made regarding hardness in 
relation to samples cured at different temperatures. The results from an 
evaluation of the influence by coat thickness can be found in section 4.4.1. 

 

Figure 9: König pendulum hardness measured during post-curing of 2K WB black in climate room 
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Figure 10: König pendulum hardness measured during post-curing of 2K WB black in 60 °C 

 

 

Figure 11: Increase in König pendulum hardness, during post-curing of 2K WB black in climate 
room, relative to first measurement 

In order to eliminate any potential effect from post-curing of the primer, post-
curing of topcoats applied to primer-free substrates was evaluated. The data for 
2K WB black topcoat post-cured in a climate room without primer is presented 
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in Figure 12, and the corresponding data for samples cured in a 60 °C oven can 
be seen in Figure 13. The time required to reach a stable value for pendulum 
hardness did not differ significantly between samples with or without primer, 
regardless of curing temperature. Some of the variations observed in pendulum 
hardness appeared due to change in temperature in the climate room, which 
occurred during the duration of this test. The results from post-curing of primer 
free 2K WB in oven seem to indicate an increased time required for levelled 
hardness to occur. However, temperature variations makes it difficult to draw 
any solid conclusions. As the difference in topcoat thicknesses between 
topcoats applied to substrates with and without primer was large for most 
samples, as can be seen in Table 6 and Table 7, no conclusions can be drawn 
regarding absolute difference in hardness either. It is likely the low hardness of 
the topcoat cured at room temperature, 40 °C and 120 °C is due to increased 
coat thicknesses. 

Figure 12: König pendulum hardness measured during post-curing of 2K WB black without primer 

Figure 13: König pendulum hardness measured during post-curing of 2K WB black without primer 
in 60 °C  
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Table 6: Properties of samples used for evaluation of post-curing by pendulum hardness. Topcoat 
thicknesses measured using a coating drill. 

Sample 
Viscosity 

[s] 

Coat thickness: RT sample Coat thickness: oven sample 

Primer 
[µm] 

Topcoat 
[µm] 

Total 
[µm] 

Primer 
[µm] 

Topcoat 
[µm] 

Total 
[µm] 

WbRT 20 40 48 88 35 46 81 

Wb40 19 41 29 70 43 29 72 

Wb60 20 54 48 101 51 45 96 

Wb90 19 59 33 92 46 35 81 

Wb120 20 43 38 80 29 46 74 

SwRT 21 25 26 51 41 18 59 

Sw40 22 61 10 71 56 20 76 

Sw60 21 43 28 70 43 29 71 

Sw90 22 39 22 60 46 14 60 

Sw120 21 58 26 84 26 41 67 

 

Table 7: Properties of samples used for evaluation of post-curing by pendulum hardness of 
topcoat without primer. 

Sample 
Viscosity 

[s] 
Topcoat [µm] 

WbRTn 21 63 

Wb40n 21 70 

Wb60n 21 52 

Wb90n 21 54 

Wb120n 21 63 

SwRTn 20 47 

Sw40n 20 46 

Sw60n 20 64 

Sw90n 20 59 

Sw120n 20 54 

4.3 Material properties 

4.3.1 FTIR 

Samples with similar topcoat thicknesses, post-cured for at least 40 days, were 
evaluated using FTIR. The spectrum acquired for 2K WB with high degree of 
pigmentation cured at 90 °C is shown in Figure 14, while the other spectra can 
be found in the appendix. Two regions of wavenumbers were examined when 
comparing the effect of the curing temperature of the systems; the NCO 
asymmetric stretching vibration around 2260 cm-1, and the overlapping 
absorptions from N-H bending vibrations of urea and urethane in the region 
around 1500-1600 cm-1. Both regions are marked in the figure below. 
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Figure 14: FTIR spectrum of 2K WB white cured at 90 °C with areas important for evaluation 
marked with dotted lines. 

Absorption near 2260 cm-1, which indicate unreacted isocyanates present, was 
observed for all waterborne topcoat systems not cured under ambient 
conditions. No absorption was observed in this region for the solventborne 
topcoat, regardless of curing temperature. The isocyanate absorptions of 2K 
WB topcoats, from spectra normalized to the peak for asymmetric stretching of 
C=O in biuret, are shown in Figure 15 and  

Figure 16. For the waterborne system with high degree of pigmentation, the 
absorption appear to be higher for the samples cured at 90 °C and 120 °C than 
for samples cured at 40 °C and 60 °C. The same relationship is not as clear for 
the system with low degree of pigmentation. What can be noted is that the 
absorption for residual isocyanates appear to be higher for samples cured at 40 
°C compared to those cured at 60 °C. Combining this effect with the low initial 
value of pendulum hardness for the sample cured at 40 °C, it is reasonable to 
assume that that 2 h was not a sufficient time for curing of the 2K WB topcoat at 
this temperature. 

When the ratio between formed urea and urethane linkages change, the shape 
of the overlapping absorption between 1500 and 1600 cm-1 will change. This 
can be seen in Figure 17-18 for samples of topcoat systems cured at 40 °C and 
90 °C. 
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Figure 15: ATR-FTIR of 2K WB white versus curing temperature around absorption from NCO 
vibration. 
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Figure 16: ATR-FTIR of 2K WB black versus curing temperature around absorption from NCO 
vibration. 
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Figure 17: ATR-FTIR of 2K WB white cured at 40 °C and 90 °C around absorption from N-H bending 
vibration.
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Figure 18: ATR-FTIR of 2K WB black cured at 40 °C and 90 °C around absorption from N-H bending 
vibration.

 

Ww40 

Ww90 

Wb40 

Wb90 



 

Page 21 (47) 
 

Sw40-15.ATR_1_1

Sw90-11.ATR_1_1

Name

  Spectrum100 Serial no. C79511 2012-01-03 no. 006

  Spectrum100 Serial no. C79511 2012-01-03 no. 005

Description

1618 14711600 1580 1560 1540 1520 1500 1480

cm-1

%
T

 

Figure 19: ATR-FTIR of 2K SB white cured at 40 °C and 90 °C around absorption from N-H bending 
vibration.

 

Ratios between the absorption from N-H in urea, 1563 cm-1, and urethane, 1523 
cm-1, for each curing temperature can be seen in Figure 20. The results indicate 
a decrease in urea absorption compared to absorption of urethane at higher 
curing temperature for each system. The decrease is more constant for both 
waterborne systems compared to the solventborne.  

 

Figure 20: Ratio between absorption from N-H vibration in urea and urethane from each topcoat 
system versus curing temperature. 

When considering the absolute values of the normalised N-H vibration 

absorptions, which are presented in Figure 21, it can be noted a clear increase 

of absorption from urethane by increased curing temperature for the 

solventborne topcoat. The absorption for 2K WB with low pigmentation indicates 

only slight increase in amount of urethane, while no clear conclusions can be 

Sw40 

Sw90 
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made for the high pigmented 2K WB. Instead of an increase in urethane 

absorption, a clear drop in urea absorption can be noted for both waterborne 

topcoats. 

 

Figure 21: Absorption from N-H vibration in urea and urethane from each topcoat system versus 
curing temperature. 

4.3.2 DSC 

The glass transition temperatures, Tg, for 2K WB with low degree of 
pigmentation for all curing temperatures are presented in Table 8, along with 
the Tg:s for 2K SB and low pigmented 2K WB cured at 60 °C.  

Table 8: Glass transition temperatures acquired by DSC during cooling. 

Sample Tg [°C] 

WwRT 59 

Ww40 59 

Ww60 52 

Ww90 63 

Ww120 58 

Wb60 54 

Sw60 51 
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4.3.3 DMA 

The results from dynamic mechanical analysis are presented in Figure 22. Only 
two temperatures of 2K WB with high degree of pigmentation were tested due 
to high booking pressure on the instrument used. The drop in storage modulus 
was smaller for the sample cured at ambient temperature compared to the 
sample cured at 60 °C, thus correlating to a higher cross-linking density. 

 

Figure 22: Storage modulus and damping coefficient, tan delta, versus temperature measured by 
DMA 

4.4 Mechanical properties 

4.4.1 König pendulum hardness 

Pendulum hardness for samples with primer and similar topcoat thicknesses 
post-cured for at least 25 days in a climate room are presented in Figure 23. It 
appears like the hardness is higher at low curing temperature for the 
waterborne topcoat with low degree of pigmentation. The hardness of all three 
systems does increase with the curing temperature. The hardness of the 2K SB 
system cured at ambient temperature and at 60 °C was measured too, and 
gives an indication that the pendulum hardness is affected more by the 
pigmentation than type of coating system. No measurements were made on the 
SB and low pigmented WB system for other curing temperatures with the same 
topcoat thicknesses though. The evaluations made during post-curing, with 
other coat thicknesses, do however confirm large curing temperature 
dependence for black 2K WB and white 2K SB as well. 
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 Figure 23: König pendulum hardness of topcoat systems versus curing temperature 

Evaluation of hardness as a function of coat thickness was performed on high 
pigmented samples of water- and solventborne cured at ambient temperature, 
and is presented in Figure 24 and Figure 25. It was determined the hardness 
depended more on total coat thickness than on the thickness of the topcoat, 
and the results are thereby presented in that manner. The hardness of the 
solventborne system seem to decrease at a higher rate depending on the coat 
thickness than  the waterborne. 

 

Figure 24: König pendulum hardness of 2K WB white versus total coat thickness 
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Figure 25: König pendulum hardness of 2K SB white versus total coat thickness 

The evaluation of hardness by nano-scratch was inconclusive, but from the data 
acquired there are indications of a lower hardness for 2K WB with low degree of 
pigmentation cured at 60 °C compared to both the solventborne and the low 
pigmented waterborne topcoat. The hardness also appear to depend largely on 
the curing temperature. 

 

Figure 26: Penetration depth after 100 mN applied during nano-scratch test 

4.4.2 Adhesion 

Evaluation of adhesion by high pressure water spraying was performed on 8-10 
samples per binder-temperature system, and the results presented in Figure 27 
are the grade for adhesion between primer and topcoat given to most samples 
tested. It was seen that adhesion increased by curing temperature for both 
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waterborne systems. The adhesion for the waterborne topcoats cured at low 
temperature were poor, while the adhesion for the solventborne was good 
regardless of curing temperature. 

 

Figure 27: Average grade of topcoat-primer adhesion versus curing temperature, determined by 
high pressure adhesion test 

4.4.3 Ductility 

Three samples of each binder-temperature system were used for evaluation of 
ductility; both by cupping and impact test. The samples with the best adhesion 
from the above mentioned high pressure water test were chosen, as poor 
adhesion often is a property which will impair ductility of a coating. 
Consequently, the topcoat thicknesses varied between the samples tested. 
Results from the extensibility test are presented in Figure 28, and point to a 
decrease in ductility for the three systems tested. When comparing the samples 
tested, it was determined that the ductility increased with the topcoat thickness.  

The results from impact testing indicate an early decrease in ductility for the 
highly pigmented 2K WB topcoat compared to the other two systems. A slight 
decrease in impact resistance was noticed for the solventborne and low 
pigmented waterborne topcoat at 90 °C, while the drop appeared much larger 
for the solventborne after curing in 120 °C compared to the waterborne topcoat.  

 

Figure 28: Coat extensibility versus curing temperature, measured by cupping test 
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Figure 29: Impact resistance versus curing temperature 

4.5 Durability 

4.5.1 Artificial weathering 

The gloss and colour of samples were tested before and after artificial 
weathering. Measurements were also made every 500 h, and the samples were 
then reinserted in the cabinet. It should be noted that the topcoat thicknesses of 
these samples were later found quite low for certain samples.  

A large drop in gloss level for coatings with high degree of pigmentation, both 
WB and SB, can be noted from the results presented in Figure 30. The gloss of 
the low pigmented 2K WB topcoat does rather appear to improve during the first 
500 h in the cabinet, and thereafter only experience a minor gloss reduction. 
The gloss reduction appears to be highest for samples cured at lower curing 
temperature for the three systems, as can be seen in Figure 31. The colour 
stability also appear to follow the same pattern as gloss. A larger difference in 
colour, ΔECMC, was noted for samples cured at lower curing temperature. Both 
waterborne topcoats displayed a clear increase in colour stability by increased 
curing temperature, although the difference was larger for the low pigmented 2K 
WB topcoat. The ΔECMC by curing temperature for samples artificially weathered 
for 2500 h can be seen in Figure 32. 
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Figure 30: Nominal gloss measured at 20° angle during artificial weathering 

 

 

Figure 31: Gloss reduction after 2500 h artificial weathering 
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Figure 32: Colour measured after 2500 h artificial weathering 

 

4.5.2 Scratch resistance 

The reduction in gloss of samples post-cured for at least 20 days and then 
exposed to 5 and 10 cycles of marring in the laboratory car wash can be seen in 
Figure 33. The WB topcoat with low degree of pigmentation appears more 
sensitive against physical marring than the high pigmented one. The reduction 
of gloss for the solventborne topcoat depends largely on the curing 
temperature, and indicates a larger sensitivity at higher curing temperature. The 
scratch resistance of the waterborne topcoats does however appear to increase 
when cured at higher temperatures. The effects of reflow after 1.5 h in a 60 °C 
oven does follow in the same line as the scratch resistance, and the increase in 
gloss is presented in Figure 34. Samples sensitive to marring show an 
increased degree of reflow at this elevated temperature. 
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Figure 33: Gloss reduction after 5 and 10 cycles of marring in a laboratory car wash. 

 

Figure 34: Reflow, or gloss recovery, after 1.5 h in a 60 °C oven following the AMTEC marring 

 

4.5.3 Stone chip resistance 

Opposite to the scratch resistance, the stone chip resistance decreased with 
increased curing temperature for the highly pigmented 2K WB topcoat. The 
same trend was seen for the 2K SB topcoat, but not quite for the low pigmented 
2K WB, as can be seen in Figure 35. The intermediate grades were appointed 
to samples where the grading varied between two adjacent values across the 
surface. 
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Figure 35: Stone chip resistance versus curing temperature.  

4.5.4 Water resistance 

All samples submerged in a water bath for 96 h experienced blistering of size 1 
in accordance with ISO4628-2. The blister density did vary between samples, 
but there appears to be no correlation between curing temperature and water 
blistering. Loss of adhesion between primer and substrate were observed for all 
samples used in this test, indicating a low water resistance of the primer, along 
with a slight decrease in extensibility. No conclusions can however be made 
regarding the performance of the topcoat as the effect from the primer was 
more significant. 

4.5.5 Chemical resistance 

The degree of softening measured on samples exposed to battery acid for 24-
96 h is presented in Figure 36. For 2K WB topcoat with high degree of 
pigmentation, a clear relationship can be seen for increase of acid induced 
softening at lower curing temperature. This relationship could not be observed 
for the waterborne topcoat with low degree of pigmentation, as the different 
samples used for evaluation appeared to have a larger influence than time of 
exposure. Only the solventborne topcoat displayed an adequate resistance 
towards softening for all curing temperatures. The evaluation of etch marks 
does however signal an effect from curing temperature for all three systems, as 
can be seen in Table 9. Panels with 2K WB topcoat cured at high temperature 
only revealed bleaching at short time of exposure. As the curing temperatures 
decrease, the formation of blisters in the etch marks increase. Also the 
solventborne topcoat seem affected by curing temperature, as a bleaching 
effect can be seen for samples cured at low temperatures and not for those 
cured at high. 

This evaluation was also performed using isopropyl alcohol on high pigmented 
2K WB for 4 days but, as no effect was seen, the study was discontinued. 
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Table 9: Results of etch mark grading after exposure to battery acid for 24-96 h 

Sample 
name 

Etch mark grade 

24 h 48 h 72 h 96 h 

WwRT s1A4d5 s2A5 s2A5 s2A5 

Ww40 s0A5 s1A5 s5A5 s5A4d5 

Ww60 s0A5 s1A5 s1A5 s1A4d5 

Ww90 s0A5 s0A5 s0A5 s0A3d3 

Ww120 b2 s0A5 s0A4/5 s0A5 

WbRT s1A5 s2A5 s2/3A5 s2/4A5 

Wb40 s1A5 s1A5 s2/4A2/3d3 s2/4A5 

Wb60 s0A5 s0A5 s0A1-3d3 s1A5 

Wb90 b1 b2 s0A5 s0A5 

Wb120 b1 b2 s0A5 s0A5 

SwRT 0 b1 b1 b1 

Sw40 0 b1 b1 b1 

Sw60 0 0 0 0 

Sw90 0 0 0 0 

Sw120 0 0 0 0 

 

 

 

Figure 36: Results of softening grading after exposure to battery acid for 24-96 h 
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5 Discussion 

5.1 Coating procedure 

The application viscosity of the two waterborne topcoats used in this study 
came with the advantage of low boiling, but disadvantage of running. As there 
are two viscosities stated in the process description of the application of the 2K 
WB topcoat, it is reasonable to assume that the previous finish paint shop 
evaluation of these systems were performed using the higher one. This 
because of the high degree of boiling that occurred already at temperatures 
below 60 °C. The lower viscosity reduced this effect, but instead caused running 
which would provide poor edge covering of shaped articles and extended flash 
off times.  

5.2 Visual properties 

Results of gloss measurements revealed generally low levels for both 
waterborne systems, most below the level required according to the standard. It 
gives an indication of how sensitive these systems are towards application and 
curing conditions compared to the solventborne. It is likely the side reaction with 
isocyanate and water formed microscopic pores of CO2 which reduced the level 
of gloss at lower curing temperatures. At increased curing temperatures, it is 
reasonable to believe that the decreased gloss was caused by low evaporation 
rate solvents being driven off too fast. The loss of these plasticizing solvents 
could hamper the interdiffusion between the polymer particles during film and 
affect the homogeneity of the film surface. The difference in level of gloss 
between high and low degree of pigmentation in the WB systems can likely be 
explained by the higher amount of solvents present in the low pigmented 
system. The extra amount of solvent increases mobility and allows better 
polymer entanglement during curing and film formation. It could also be 
combined with decreased mobility in the white system caused by high amount 
of pigments present, affecting the rheological properties of the coat. 

The colour variations measured for samples with similar topcoat thicknesses 
are significant for both waterborne systems, and point to a property where the 
design of application process needs to be thorough to prevent such variations in 
the final product. This effect might be explained by floating of pigments 
occurring during curing of the coating, causing pigment particles with different 
sizes and densities to settle at different height levels of the film. Floating is often 
dependent on curing conditions, which makes this a reasonable cause of 
explanation. Other samples were measured where this effect did not appear, 
making it reasonable to conclude that this effect should be further studied to 
determine the full extent of colour variation by curing temperature. 

5.3 Post-curing 

The storage climate during post-curing does have a measurable impact on the 
final hardness of the 2K WB topcoat. The post-curing itself was scarcely 
accelerated when performed at elevated, but the increased mobility of the 
heated material appeared to allow densification of the urethane segments and 
thereby allow further reactions to take place. Additional curing of otherwise 
trapped rest isocyanates was observed by FTIR. It has not been evaluated if the 
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hardening effect for samples stored in the climate room experienced the 
chemical curing observed for post-curing at elevated temperatures, or merely 
densification of the polymer matrix. The rate in which the samples reached 
stable pendulum hardness was not significantly affected by the curing 
temperature. The storage environment for coated articles during the first week 
after curing should therefore be evaluated by effect of climate on post-curing 
mechanisms. 

5.4 Material properties 

Comparison between FTIR spectra confirm increased isocyanate-water side 
reactions for samples cured at lower temperature of all the systems tested. The 
solventborne system does also appear to be subject to other side reactions at a 
larger extent at lower curing temperature, as the relative amount of urea 
decreases for samples cured at 40 °C and ambient temperature, while the 
decrease in urethane remains. This was seen in combination with no observed 
isocyanates remaining in these systems. The other side reactions were not 
further evaluated in this study, but highlights the complexity of isocyanate 
chemistry. 

The waterborne topcoat systems are designed to compensate for side reactions 
with water by using an excess  of isocyanates in the mixed paint. As the curing 
temperature is increased, the water and solvents evaporate faster. This leaves 
the excess isocyanates trapped in the polymer network. As the isocyanates act 
as cross-linking agents, both when forming urethane and urea bonds, the cross-
linking density will decrease as a direct result of unreacted isocyanates. This 
was seen in the DMA results for 2K WB topcoat with high degree of 
pigmentation cured at ambient temperature compared to curing at 60 °C. It 
should be noted that the unreacted isocyanates remained in all the topcoats not 
cured under ambient conditions, and that this result is rather atypical for a 
waterborne system designed for curing at 50 °C. Residual isocyanates may 
affect the long term durability of the coatings, as elevated temperatures can 
affect mobility and allow the reactions to continue unexpectedly. Increased 
amount of covalent bonds reduces the average distance between atoms, and 
can cause shrinkage or increased stress in the coating. This may in turn result 
in decreased adhesion to the primer and impaired mechanical properties of the 
coat. This effect should be further evaluated by following the post-curing of 
residual isocyanates with FTIR. 

5.5 Mechanical properties 

The hardness of isocyanate curing topcoats appear to depend largely on curing 
temperature as well as pigmentation. The increase in hardness for 2K WB with 
high degree of pigmentation cured at 40 °C can be explained by a lower primer 
thickness, resulting in a lower total coat thickness than the other samples 
tested. Apart from that sample, the low curing temperatures resulted in low 
hardness of both high pigmented systems, while only sample cured at ambient 
temperature failed to reach demands on hardness for the low pigmented WB 
topcoat. 
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The low hardness in samples cured at lower temperatures can partly be related 
to the low flexibility of the urea bond functional group, as urea makes the 
backbone less flexible compared to the urethane bond. The low flexibility would 
thus prevent the polymer from close-packing and forming the relatively strong 
cyclic hydrogen bonds, which occur at a higher extent for the more flexible 
urethane functional group. The main reason would however be a higher amount 
of plasticizing solvent present in the system cured at lower temperatures. This, 
combined with the decreased evaporation rate due to high degree of 
pigmentation, causes the low hardness of both white topcoats.  

The low pigmented 2K WB contains a slightly larger amount of solvent, which 
increase the mobility during curing and postpones the solidification of the 
system, allowing further densification of the system. This might explain the 
increased hardness measured for the black system at low curing temperatures 
in comparison to the white. The hardness measured with this method is also 
dependent on the surface roughness, which could be affected both by the 
pigments and the polymer particle coalescence. However, as little is known 
about the shape and size of the different pigments as well as the dispersion 
particle size, it is not possible to make any conclusions regarding this effect 
when only pigment ratio by weight is known.  

Penetration depth reached by the indentor needle after 100 mN applied force 
indicated a lower hardness of the 2K WB topcoat with high degree of 
pigmentation, compared to the two other topcoat systems. Again, this is likely a 
result of decreased evaporation rate of slow evaporation rate solvents, caused 
by hindering pigments. Increased amount of plasticizing solvents makes the 
material softer, and the indentor needle can penetrate the material deeper with 
less force applied. Another possible explanation is the modification of the 
pigments, which often are necessary when producing a waterborne coating 
system. The modification is performed to make the pigments more hydrophilic, 
and thus prevent them from agglomerating in the coating. This may in some 
cases provide poor adhesion in the pigment-binder interface, thus causing 
weaknesses or cavities in the material. 

There are clear indications that the adhesion of the 2K WB topcoat towards the 
primer is dependent on curing temperature of the topcoat. This is an effect 
caused by a combination of curing viscosity and internal stress in the coating. 
Higher curing temperatures reduced the viscosity of the coating and increases 
the mechanical interlocking between topcoat and primer irregularities. As the 
chemical reactions proceed in the material, the average molecule distance is 
reduced. The curing reduces the mobility of the polymer chains, and this 
densification creates increased stress in the coating. Internal stresses may 
assist in the delamination of the coating, reducing the adhesion (Wicks, Jones, 
Pappas, & Wicks, 2007). When the coating is cured at temperatures above the 
glass transition temperature the increased mobility allows for more stress 
relaxation compared to a coating cured at lower temperatures.  

The ductility of each system tested was found dependent on the curing 
temperature, as increased temperatures caused lower ductility both during 
extension and impact testing. The decrease was more intense for the high 
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pigmented systems compared to the low pigmented 2K WB topcoat in the 
impact test, but no such effect could be seen in the cupping test. The property is 
connected to the results found for the pendulum hardness and nano-scratch, 
where the residual slow coalescence solvents had a plasticizing effect on 
samples cured at lower temperatures. 

5.6 Durability 

The low pigmented topcoat appears to have a higher  resistance towards 
artificial weathering, while both high pigmented coats experience a larger 
decrease in gloss. Several factors may combine to cause this effect. To start 
with, the rutile titanium dioxide pigment found in both white topcoats have a 
tendency to accelerate photodegeneration of a material (Wicks, Jones, Pappas, 
& Wicks, 2007). The degraded areas changes the surface of the coating and 
thereby affects both gloss and colour. The thermal expansion of a polymeric 
material generally decreases by increased amount of pigmentation. As a 
material expands during heating, increased free volume can give the material 
enough mobility to level out and fill minor formed surface defects. The lower 
thermal expansion, combined with lower temperature developed by UV 
radiation in a white coat, will not permit the white topcoats to achieve the same 
reflow as the black topcoat. The tin catalyst used in the solventborne topcoat is 
also prone to catalyse hydrolysis in the cured film. The improved weather 
durability of all topcoats experienced at higher curing temperatures can be 
related to the higher ratio of urethane bonds present in the systems, as 
urethane is known to have a better resistance to hydrolysis than urea (Wicks, 
Jones, Pappas, & Wicks, 2007). The result indicating a larger dependence of 
curing temperature for the low pigmented topcoat can be explained by higher 
polymeric content compared to the white systems. An issue, which may come 
as a result of the difference in resistance towards weathering, might be the 
combined effect of difference in colour after curing combined with varied 
resistance. Further evaluation should be made to determine if the effects are 
cumulative or not.  

Evaluation of scratch resistance indicate large effect both by pigmentation and 
type of coating. The 2K WB topcoat with high pigmentation has higher scratch 
resistance compared to the low pigmented. The reflow is however better for the 
low pigmented. The results may be explained by the difference in mobility within 
the materials combined with the amount of polymeric matrix in which scratches 
can be formed. Both waterborne topcoats appear to have an increased marring 
resistance by higher curing temperature, while the opposite seems to occur for 
the solventborne. The effect by curing temperature also seem larger for the 
solventborne samples. It is possible the difference in temperature dependence 
is related to the hydrophilical modifications made to the content of the 2K WB 
topcoat, but no definite conclusions can be made as the information about the 
systems are limited. The gloss reduction and reflow at elevated temperatures 
does however appear to go hand in hand.  

Also the stop chip resistance test indicated lower durability of the low pigmented 
2K WB topcoat. This effect seemed clearer at lower curing temperatures, but 
can be correlated to lower adhesion for the samples cured at those 
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temperatures. Both high pigmented topcoats show a decrease in stone chip 
resistance at higher curing temperatures, consistently with what could be seen 
in the ductility test.  

The water resistance of all systems tested appeared poor. It is however unclear 
if this is due to poor resistance of the topcoat, or due to poor adhesion to the 
primer. Evaluation should be made from topcoats applied to primer without the 
now known adhesion issues. Resistance towards battery acid were however 
more conclusive, as a clear increase in resistance towards both softening and 
etch mark formation would be seen by increasing curing temperature for the 2K 
WB systems. The visual impact on the solventborne topcoat was also seen to 
follow the same relationship, although only a minor effect was seen. The effect 
of pigmentation on the softening resistance of the 2K WB systems was also 
substantial, and is likely due to poor adhesion in the pigment-binder interface 
due to surface modification of the pigment particles. The more surface area of 
particles present, the larger effect. With poor interface adhesion might follow 
cavities and increased diffusion. 

6 Environmental aspect 

By changing from the solventborne topcoat to a waterborne, the amount of VOC 
emitted can be reduced from 40 % to 10 % in regard of volume of wet coating. 
The global benefits would be substantial in the long run, as emissions of VOC 
from smaller paint shops would be reduced, as well as the emissions of CO2 
from paint shops with after-burner. Conclusions regarding total emission from 
the product can however not be made, as the processes required for 
manufacturing of the waterborne binder and hardener are unknown. 

7 Conclusions 

7.1 Curing temperature 

With varied curing temperatures comes material variations, both improving and 
impairing. It is clear that these variations can be detected by several methods, 
but also that there are effects from pigmentation which vary the effects further. 
Higher curing temperatures generates a waterborne topcoat with lower urea 
content, lower cross-linking density and increased amounts of residual 
interlocked isocyanates. The complexity of the isocyanate chemistry provides 
variations affected both by covalent bonds, but more so by secondary bonds 
and interface reactions between and adjacent to the components in the coating 
system. 

The effect of varied curing temperature was deemed significant for both 
waterborne topcoats. Several properties varied more than allowed by standard, 
such as level of gloss, variance in colour, surface hardness, stone chip 
resistance, adhesion and chemical resistance. Variations could be observed for 
several other properties, but not by such magnitude that standard requirements 
were not met. 
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7.2 General properties 

Some general properties were discovered in the waterborne topcoat which 
needs to be noted. The maximum level of gloss, achieved at lower curing 
temperatures, was low for both waterborne topcoats. Also the chemical 
resistance was poor for these systems regardless of curing temperature. The 
resistance towards artificial weathering was however found to be slightly higher 
than for the equivalent solventborne system. 

8 Recommendation 

8.1 Surface treatment 

My recommendation is that implementation of this waterborne topcoat is 
postponed until the chemical resistance has been evaluated further. The 
process causing low level of gloss should also be further understood before the 
topcoat can be used in production.  

Regarding the primer there should be pointed out the importance of following 
the process description, as the adhesion to this primer appears highly 
dependent on over-curing. The reason for worse adhesion between primer and 
waterborne topcoat when cured at different temperatures should also be 
understood. 

8.2 Future work 

Several properties of this waterborne topcoat system should be further 
evaluated to understand the requirements for process design. Some tests which 
were started should be continued. DMA of high pigmented 2K WB cured at 
other temperatures should be performed to completely evaluate the effects of 
temperature on cross-linking densities. The downside with this method is the 
long time required for each test, combined with high booking pressure on the 
instrument used. 

Mechanical properties after artificial weathering was not yet tested, but as 
samples are kept from this study, and from a previous study performed by Lars 
Erhardsson, there is material ready for testing. FTIR analysis of the weathering 
of 2K WB should also be performed on the samples after intermediate 
weathering durations to further evaluate the mechanisms and durability of the 
coatings. 

Battery acid and isopropyl alcohol resistance was tested in this study. There are 
however several other chemicals which resistance should be tested for, as 
specified in STD4113. These should be performed to increase the knowledge of 
the durability of the waterborne topcoat. 

My recommendation is also that additional properties are evaluated, which were 
not tested for in this project. One important aspect is the effect of humidity on 
the coating process. During this project, a relation between increased boiling 
and heightened humidity was noted. The effect of viscosity should also be 
evaluated, as the large extent of boiling that was observed at the finish paint 
shop did not occur  apart from at higher curing temperatures. It is reasonable to 
assume that the lowered viscosity used during application allowed for sufficient 
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reflow. The extra excess of water in the system may however affect the material 
properties of the cured film.  

One effect of high importance which should be evaluated further is the effect of 
curing temperature on colour of the topcoat. It would be valuable to evaluate the 
reproducibility of the results acquired to determine what precautions should be 
made when forming a coating process for this type of system. This should be 
further correlated to a verification study of the evaporation rates of solvents 
during curing above 60 °C. 

The evaluation of scratch resistance by laboratory car wash is highly dependent 
on positioning of testing samples in the marring equipment. Nano-scratch is a 
method with high potential of evaluating both scratch resistance and direct 
reflow of a material, and further studies should be performed to determine if an 
efficient method could be created for evaluation of scratch resistance for a 
coating material. 
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