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ABSTRACT 
Coatings cover most objects in our daily lives. They can have functional properties such as protecting the 

coated material or esthetic properties to decorate and provide pleasant appearance. Coatings have historically 

dried by evaporation of solvents, but now, UV curing coatings are on the uprising. Acrylate functional groups on 

polymers, oligomers and monomers react through radical chain polymerization initiated by photoinitiators. 

Photoinitiators are molecules which forms radicals when irradiated with UV light.  

Coatings are often applied on multiple layers, each layer providing one function for the overall system. To 

function properly and have desired life time the layers must adhere to each other. The problem of intercoat 

adhesion has yet to find good techniques for analysis and explanation of what influences it. Many theories have 

been suggested and most likely many play a part in the overall adhesion.  

The master thesis project aim to investigate which properties that influences intercoat adhesion and how it can 

be studied. To relate properties of coatings to the intercoat adhesion one UV curing primer is set to use for all 

coating systems, and various topcoats have been produced with slight changes in formulation. The study can 

be divided into two parts; a pre-study and a main study. The pre-study follows up on a previous master thesis 

conducted at Sherwin-Williams AB. The pre-study has waterbased and waterbased UV-curable topcoats. The 

main study has UV curable topcoats. Properties which are studied in the main study are chemical backbone of 

the binder, functionality of monomers, influence of addition of wetting agents, defoamers, fillers and pigment, 

viscosity, density, pH, curing degree at depth, surface energy, surface tension, surface polarity and monomer to 

binder ratio. 

The pull-off method is the best method of analysis of intercoat adhesion today. A dolly is glued to a surface and 

then lifted, the force of lifting the dolly is measured. The method has one significant drawback; the break must 

be completely in the interphase of where the adhesion wishes to be analyzed. Throughout this study most 

interphase failures were between substrate and primer, resulting in no value for intercoat adhesion. 

No correlation was found between intercoat adhesion and chemical backbone of the binder, functionality of 

monomers, addition of wetting agents, defoamers, viscosity, pH, surface energy, surface tension or surface 

polarity. Lower intercoat adhesion was observed for coatings containing talc, calcium carbonate and titanium 

dioxide. Coating containing titanium dioxide showed insufficient curing above a coating thickness of 40 µm. The 

insufficient curing could be observed as wrinkles on the surface and liquid coating remaining in the coating 

interphase. Curing degree in depth of the topcoat is believed to be the main reason to decreased intercoat 

adhesion for the coating containing titanium dioxide. The insufficient curing could not be confirmed with 

infrared spectrometry. The reason why talc and calcium carbonate showed decreased intercoat adhesion is not 

known. Indications suggest that a lower monomer to binder ratio decrease intercoat adhesion, theories to 

explain this are the high viscosity and the low number of functional groups per volume. A higher number of 

functional groups per volume could increase the number of crosslinks formed between topcoat and primer.  
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POPULÄRVETENSKAPLIG BESKRIVNING 
Färger finns överallt omkring oss. De kan ha funktionella egenskaper så som att skydda det målade materialet 

eller ge ett önskvärd utseende. Ett bord ska både tåla att få spillt kaffe på sig och se behagligt ut. Ofta 

appliceras färger i flera lager för att uppnå önskade egenskaper och utseende. Dessa färglager bör sitta bra i 

varandra för att inte avflagning ska uppstå. Hur bra färgskikten sitter i varandra kallas mellanskiktsvidhäftning. 

Mellanskiktsvidhäftning har varit en utmaning genom hela färgindustrins historia och ännu har inga entydiga 

förklaringar på vad som påverkar eller hur man ska mäta det uppkommit.  

Kommersiella färger har historiskt varit lösningsmedelsbaserade och torkat. Torkning innebär att flyktiga 

komponenter i färgen avgår genom att evaporera. I och med moderna försök att minska negativa effekter på 

miljön har vattenbaserade och helt lösningsmedelsfria färger utvecklats. De lösningsmedelfria färgerna torkar 

inte utan färgfilmen formas genom en kemisk reaktion initierad med hjälp av ultraviolett (UV) ljus. Ett tidigare 

examensarbete utfört på Sherwin-Williams AB undersökte mellanskiktsvidhäftningen för en UV härdande 

grund med vattenbaserade topplacker. Detta projekt är menat som en fortsättning på tidigare projekt men 

fokuserar huvudsakligen på UV härdande topplacker på en låst UV härdande grund. Syftet med studien är att 

undersöka hur olika egenskaper hos topplacker påverkar mellanskiktsvidhäftningen samt undersöka hur man 

kan studera mellanskiktsvidhäftning. 

Den främsta metoden för att undersöka mellanskiktsvidhäftning konstaterades vara dragprovsmätning, då 

övriga mätmetoder inte ger entydiga resultat. I dragprovningsmetoden limmas en metallknopp på en yta för att 

sedan dras av vinkelrätt från ytan och kraften som krävs mäts. Nackdelen med metoden är att för att kunna 

mäta specifikt mellanskiktvidhäftningen måste brottet ske i gränsskiktet mellan färgerna. Brottet uppstod 

framförallt mellan substrat och grundfärg under studien. 

Resultaten från studien kunde inte påvisa ett samband mellan den kemiska strukturen av bindemedlet, antalet 

funktionella grupper på monomer, tillsatser av vätmedel, skumdämpare, viskositet, densitet, pH, ytenergi, 

ytspänning, ytpolaritet samt krympning av filmen vid härdning. Resultaten indikerar att tillsats av talk, krita 

eller titandioxid minskar mellanskiktsvidhäftningen. Anledningen till att talk samt krita minskar 

mellanskiktsvidhäftningen kan ej förklaras. Titandioxiden påverkade uthärdningen av filmen vilket tros vara 

anledningen till den minskade mellanskiktsvidhäftningen. Det går att se en indikation att minskat förhållande 

av vikten monomerer mot vikten bindemedel i färgformuleringen minskade mellanskiktsvidhäftnigen. Detta 

tros bero på en minskad mängd funktionella akrylatgrupper per volym samt ökad viskositet. Förstudien som 

använde vattenbaserade och vattenbaserade UV härdande topplacker indikerade en försämrad 

mellanskiktsvidhäftning för rena vattenbaserade system på UV härdande primer.  
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1. PURPOSE OF THE STUDY 
The aim of the master thesis is to investigate how one can study intercoat adhesion and what influences 

intercoat adhesion. Coating systems applied in multiple layers need sufficient intercoat adhesion to avoid 

topcoat removal. An insufficient intercoat adhesion could have a negative impact on both performance and 

esthetic properties of the coating system. A previous master thesis project has been conducted at Sherwin-

Williams AB Märsta studying the intercoat adhesion between a UV curing sealer and waterborne coating 

formulations. [1] This study is a continuation of the previous master thesis but will focus on specific properties 

of UV curing topcoat and how they correlate to intercoat adhesion. Furthermore, new methods to study 

intercoat adhesion will be suggested and tested. Properties of topcoats investigated are the chemical backbone 

of the binder, number of acrylate functional groups per molecule of the monomer, influence of addition of 

wetting agents, defoamers, fillers and pigment, viscosity, density, pH, curing degree at depth, surface energy, 

surface tension and surface polarity. 
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2. THEORY 

 2.1 THE BASICS OF COATINGS 
Coatings are applied to a large variety of substrates, ranging from wood to metal. Many of the things we 

encounter in our everyday life have a coating. Coatings can have multiple purposes, either for decorative and 

aesthetic purposes or as protection of the substrate such as anti-corrosive properties on a metal surface. All 

coatings are complex mixtures with four main constituent categories; binders, pigments, solvents and additives. 

The solvents are sometimes referred to as the volatile components as they have a low vapor pressure and their 

evaporation is essential for the film formation of many traditional coatings. [2] [3] [4] 

2.1.1 BINDERS 

The binder of a coating holds the film together and adheres to the substrate. Binders are almost exclusively 

polymers which forms networks which in turn determine most of the properties of the film. There are two 

classifications of binders, thermoplastic and thermosetting. Thermoplastic are those that dry solely by solvent 

evaporation while for thermosetting binder a chemical reaction occurs during the film formation. [2] [3] [4] 

2.1.2 PIGMENTS 
There are organic and inorganic pigments. Organic pigments are mainly used for their vibrant palette while 

inorganic pigments can be used for color but also for other purposes such as physical properties and corrosion 

resistance. The inorganic pigments are dispersed crystalline particles and the organic pigments are large and 

complex molecules. [2] [3] [4] 

2.1.3 SOLVENTS 
Solvents are added mainly to adjust the viscosity of the coating by dissolution of the binder. Solvents are often 

organic substances with low vapor pressure but can also be water. As the solvents evaporate the coating 

settles on the substrate. The rate of evaporation is an important factor for the properties of the final coating to 

achieve a continuous and smooth film. [2] [3] [4] 

2.1.4 ADDITIVES 

There are almost an endless number of additives for improvement, change or addition of properties. They are 

often added in small amount but impose great effects on the outcome. Examples are UV light absorbers, anti-

skinning, wetting agents, defoamers, thickeners and catalysts. [3]  

Wetting agents stabilize particles such as 

pigments to avoid agglomeration. This can be 

done either with electrostatic stabilization or 

steric stabilization. Electrostatic stabilization 

is due to electrostatic repulsion between 

charged particles, which can be achieved 

with salts. Steric stabilization is due to steric 

repulsion, which is mechanical hindrance 

between adsorbed polymers on the particles. 

[5] The two types of wetting agents are 

illustrated schematically in Figure 1. 

 FIGURE 1 WETTING AGENTS STABILIZE PARTICLES 
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FIGURE 2 DEFOAMERS BREAK LAMELLA AND RELEASES AIR FROM FOAM BUBBLES  

Foam is air bubbles stabilized by lamellae of surface active molecules such as surfactants. Defoamers penetrate 

and break the lamellae, which results in release of the air. The process is illustrated in Figure 2. A defoamer 

must be soluble in the coating formulation, have a low surface tension and high evaporation enthalpy. 

Common defoamers available commercially are products based on silicon oil. [5] 

2.2. IMPORTANT PROPERTIES OF COATINGS 
Coatings exhibit many important properties that are essential for their function. Here only those of utmost 

importance to intercoat adhesion are mentioned. 

2.2.1 RHEOLOGY 
Rheology describes how a material flows and deforms and is often described by the viscosity. The definition of 

viscosity is the ratio of shear stress to shear rate with the unit Pa s. For a Newtonian liquid, such as water, the 

viscosity is constant. Non-Newtonian liquids have a viscosity which varies proportionally with the shear rate. 

For an increased shear rate, the liquid can either flow more or less. If the liquid tends to flow easier with an 

increased shear rate, the liquid is said to be shear thinning. The opposite scenario would be a shear thickening 

liquid. Some materials require an applied force before flow is possible and this is classified as a plastic flow, 

which is separated from shear thinning because of the exhibition of a yield stress. The viscosity is time 

dependent; for a constant shear rate the viscosity can change until a steady state have been reached. A 

thixotropic liquid has an increased viscosity which then decreases to the relaxed behavior. The opposite with 

an initial decrease in viscosity is called anti-thixotropic and is less common. [2] [4] 

When applying a coating to a substrate it is important that the liquid is easily added to the surface and that it 

after application can flow to create a continuous film without defects attributed to the method of application. 

It is also important that the coating does not flow to the degree that is will be removed from the surface. These 

demands on a coating can be achieved with a shear thinning liquid, as it will flow easier during application and 

less after. [2] [4] 

Besides the viscous behavior, coating may deform elastically and return to the original state after deformation. 

This could lead to difficulties in the applications and should be avoided. [2] [4] 

2.2.2 FILM FORMATION/ POLYMERIZATION 
Film formation is the process when the coating goes from a liquid into a solid film. Because solid coatings are 

amorphous and not crystalline no exact definition for when the formation of the film is achieved exists. Instead 

the film is defined to be dry when the film does not flow in the system of its use, including defined level of 

pressure and time. The material will reach this definition when it is close to its glass transition temperature Tg. 

Near Tg the mobility of the macromolecules is significantly decreased and almost no translational or rotational 

movement can be observed. [2] [4] 
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Thermoplastic coating relies of solvent evaporation as the film forming process. For this method it is important 

to use polymers of high molecular weight to attain entanglement between the molecules and thus good film 

properties. This in turn leads to large amount of solvent for adjustment of the viscosity. Initially the solvent will 

evaporate in a rate proportional to its vapor pressure, but as the film begins to dry, the evaporation will 

depend on the increase of Tg and the diffusion of solvent through the film. [2] [4] 

The film formation of crosslinking polymers correspondingly relies on solvent evaporation but in addition, 

chemical reactions occur which result in an increase of the molecular weight. The processes of crosslinking are 

either chain-growth or step-growth reactions. Chain-growth reactions are initiated by free radicals while step-

growth polymerization depends on the functionality of the monomers. Each monomer must have two or more 

functional groups for the propagation of the polymerization. [2] [4] 

2.2.3 ADHESION 
Adhesion is the attractive force between two surfaces of different materials. Cohesion is the attractive force 

between two surfaces or particles of the same material. Within a bulk material there are cohesive forces which 

hold the material together. Adhesion can be composed of multiple different forces and those can be classified 

into three groups; primary and secondary chemical bonds and mechanical bonds. Primary bonds are covalent 

and ionic bonds and are sometimes classified as chemical adhesion. Secondary chemical adhesion is composed 

of weaker chemical bonding phenomenon such as hydrogen bonding and van der Waals forces. Mechanical 

bonding is related to the increased adhesion with increased surface roughness. Entanglement of 

macromolecules is an example of mechanical bonding. [3] [6] Mechanical or structural bonds have been 

defined as having shear strength above 7 MPa and do not deteriorate with time in a large extent. There are 

many suggestions of possible theories how adhesion works, but no general agreement. [7] Adhesion depends 

on many properties such as wetting and the surface roughness of the substrate. A high wetting, contact angle 

of 0°, will spontaneous spread out the coating over the substrate and thus enables more sites for adhesive 

interaction. If the substrate has a surface roughness which can be fully penetrated by the coating, the contact 

area will increase. A high surface roughness which is not completely penetrated by the coating can have a 

smaller contact area then the reference without surface roughness. [2] The surface of the substrate must be 

clean to remove any dust, oil and dirt as these can affect the wetting and the coating can bond o these 

impurities instead of the surface. 

Even if no general theory of adhesion has been agreed upon, there are many possible theories that probably all 

contribute to the overall adhesion. These theories describe phenomena at different scales. Mechanical 

interlocking can be said to be microscopic, electrostatic interactions are long range and thus macroscopic and 

diffusion is at molecular level. The traditional theory of adsorption/surface reactions has been divided into 

wettability, acid-base, weak boundary layer and chemical bonding theory, where all except chemical bonding 

are at molecular level and chemical bonding is an atomic level. [7] 

2.2.3.1  MECHANICAL THEORY 

Mechanical theory explains the adhesive properties which follow from mechanical interlocking. This theory 

originates from the fact that in most cases adhesion is increased if the substrate is prepared by abrasion. Good 

adhesion can exist for smooth surfaces as well and coarsening up the surface might have other positive effects 

on adhesion, such as another chemical environment. [7] 

2.2.3.2  ELECTROSTATIC THEORY 

Electrical discharges have been encountered when an adhesive is peeled from a substrate and this has given 

rise to the electrostatic theory. In the electrostatic theory adhesion is explained by electrostatic interactions 

such as the electrical double layer. This is plausible for a polymer-metal interaction but less likely in nonmetallic 

systems. [7] 
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2.2.3.3  DIFFUSION THEORY 

When both substrate and adhesive are polymers, which is the case for intercoat adhesion, diffusion theory is 

one likely mechanism for adhesion. Diffusion theory explains adhesion by interdiffusion between substrate and 

coating. Heat welding of thermoplastics and solvent cementing is believed to experience diffusion. The theory 

is strengthened by examples where adhesion between plastics and rubber is increased above the melting point 

of the plastic materials. Diffusion is related to temperature which suggests that adhesion has a temperature 

dependency. [7] 

2.2.3.4  WETTING THEORY 

A larger contact area between the adhesive and adherent, or coating and substrate, will increase the total 

amount of interfacial forces. To completely cover the substrate and penetrate surface roughness in order to 

achieve maximum contact area is strongly related to the wettability of the substrate. For wetting to be possible, 

the coating needs to have a lower surface tension than the surface energy of the solid. The surface energy of 

plastics and coatings is generally low which creates difficulties for achieving wetting. Wetting can be explained 

with van der Waals, a number of forces which are all short range. [7] Often van der Waals forces are considered 

as weak forces due to the short range but with a high contact area van der Waals forces increase in importance. 

An example of when van der Waals forces are of great importance is the Gecko lizard which have inspired 

research to create strong dry adhesives. [8] 

2.2.3.5  CHEMICAL BONDING 

Chemical bonding is a wide notion, covering both primary and secondary chemical bonds as described above. 

Primary chemical bonds such as covalent and ionic bonding are strong and provide with good adhesion. 

Secondary chemical bonding includes dipole-, dipole-dipole-, hydrogen-, and London dispersion forces as well 

as polarizability. Acid-base interactions are also included in chemical bonding but will be described later. The 

secondary forces are ubiquitous in materials with polar groups such as carboxylic acids. The substrate and 

coating must have mutually chemically reactive groups to form covalent bonds. It is desirable to design 

materials so that they can bond covalently; it is often done by surface treatments. The strong adhesion 

between cellulose substrates and epoxy can be attributed to covalent bonding. [7] 

2.2.3.6  ACID-BASE THEORY 

The recent acid-base theory is a specific type of chemical bonding based of the Lewis acids and bases definition. 

A Lewis acid is an electron pair acceptor and a Lewis base is an electron pair donor. This interaction based on 

electron transport is believed to contribute to adhesion. [7] 

2.2.3.7  WEAK BOUNDARY LAYER THEORY 

Weak boundary layer theory states that a failure at the interface of an adherent and adhesive is either due to 

cohesive failure or a weak boundary layer. The boundary layer failure seems to be in the interface between the 

adherent and the adhesive.  This originates from the adhesive or adherent or both and is a collection of 

impurities at the interphase of the two substrates. [7] 

2.2.3.8  INTERCOAT ADHESION 

Between layers of coating there must be adhesion so that the topcoat does not fall off from the base. The 

intercoat adhesion can be influenced by many parameters and some examples are how the surface of the base 

coating have been prepared, including cleaning and sanding, if the binder of the topcoat is able to crosslink 

with the base and if the topcoat can dissolve the outer layer of the base. [9] 

Investigations have shown that curing under conditions such as high temperature and humidity can have a 

negative impact on intercoat adhesion. This is believed to be due to decreasing number of sites available for 

crosslinking and a higher resistance of the primer against solvent in the top coat. This would decrease both 

crosslinking and diffusion. [10]  
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2.3. TYPES OF COATINGS 
The coating industry started with mainly coating with a high ratio of solvents. As the demands on lower volatile 

organic compound emissions and development in technology new coatings systems have dominated the 

market. The coating systems that are used for the pre-study of this project are waterborne and waterborne UV 

curing coatings. In the main study UV curing coating formulations is studied exclusively.  

2.3.1 WATERBORNE COATINGS 

Waterborne coating main solvent is water, but often some amount of organic solvents is present in the 

formulation as well. There are three main types of waterborne coatings; water-reducible, latex and emulsion 

coatings. Waterborne coatings are becoming more and more popular because of the lower emissions of 

volatile organic compounds (VOC) in today’s environmentally conscious world. [2] 

2.3.2 WATER-REDUCIBLE COATINGS 
Water-reducible coatings are dispersions of solvent-produced resins in water. The solvent in which the resin is 

made should be water soluble, but the resin itself must not necessarily be water soluble. The resins have either 

a carboxylic functionality or an amino functionality which makes them water reducible. Because the resin often 

does not dissolve in water, aggregates are formed. The resin-aggregates are stabilized with salts. The viscosity 

is controlled by addition of water, but it is not linearly dependent to the amount of water and almost 

independent of the molecular weight of the binder. This is advantageous as high molecular weight can be used 

for thermosetting coatings. Pigments are included in the resin-aggregates which leads to low maximum dry 

weight of the coating. [2] 

2.3.3 LATEX COATINGS 
Latex is a dispersion of solid polymer colloids which have been prepared by emulsion polymerization in a 

continuous liquid. The district polymer colloids do not suffer any instability mechanisms until film formation 

which occur through coalescence. Coalescence occur when Tg is lower than the film formation temperature, 

which can be an obstacle. Coalescence solvents are often added to help the process by decreasing Tg. Latex 

coatings are often unreasonably shear thinning. The viscosity of a latex coating does not depend to a large 

extent on the molecular weight of the polymer. This give rise to good mechanical properties as high molecular 

weight polymers can be used. [2] 

2.3.4 EMULSION COATINGS 

An emulsion should not be confused with a latex solution. Emulsions are defined as one immiscible liquid 

dispersed in another liquid, regularly stabilized by surfactants. Emulsions can be categorized into macro-, 

micro- and nano-emulsions depending on the size of the droplets of the dispersed phase within the continuous 

phase. Emulsion coatings are not as common as the previously mentioned waterborne coatings. One 

commercial example is the two-component system is an epoxy resin solution which is mixed with an anime-

terminated cross-linking agent which non-ionic surfactants. This has a limited pot-life due to a slow side 

reaction between the amine and water. [2] [11] 

2.4 RADIATION CURE COATINGS 
Radiation cure coatings polymerize by radical reactions initiated by radiation. The cure can be complete within 

a shorter time span, no solvents are used, and the film thickness can be considerably thinner. There are two 

main radiations which can be used for curing, either UV light or an electron beam (EB). A coating which cures 

by UV-light contains a photo initiator which absorbs a photon to create a radical which in turs initiate the 

polymerization. The resin in EB cure coatings are ionized and excited by the incident high energy electrons. 

Infrared and microwave radiation can also be used for curing. [2] 

2.4.1 UV CURING COATINGS 
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Cation-initiated chain-growth or free radical polymerization reactions are the film forming processes in UV 

curing coatings. For the free radical polymerization, one initiator absorbs one photon, and creates one reaction 

site. Developments of initiators which can absorb two photons have been conducted and are useful for three-

dimensional applications. A chain reaction can on the other hand create multiple reaction sites from one 

photon and thus create cross-linking. The absorption of radiation depends on the concentration of the photo 

initiator, its molar absorptivity and the optical path length through the film, according to Beer Lamberts law. [2] 

2.4.1.1 LAMPS 

The UV radiation is applied by lamps. These lamps must produce high intensity UV radiation and preferably 

very small amount of infrared radiation, to a low cost. There are electrode-, electrodeless- and excimer lamps. 

UV radiation has wavelengths between 200-400 nm. Electrode and electrodeless lamps driven by direct current 

have a constant radiation which is preferable for the polymerization. [2] 

A common electrode lamp is the medium pressure mercury vapor lamp with a continuous distribution of 

wavelength and peaks at 254, 313, 366 and 405 nm. Mercury is enclosed in a tube of quartz filled with an inert 

gas, typically argon, and fitted with tungsten electrodes. The electrodes create plasma of the mercury which 

emits radiation in the UV range. The Medium pressure lamps have a pressure of 1-2 bar, but there are low- and 

high-pressure lamps as well ranging from 10-6 to 100 bar. A higher pressure will give rise to more emission 

wavelength but also intensity fluctuations.  Some infrared radiation is present as well.  Changes in the 

wavelength distribution can be made by doping of the lamp with trace elements beside mercury, but this 

reduced the lifetime of the lamp. Typical doping elements are iron, gallium and indium. Iron creates new 

wavelength emission in the range of 350 to 400 nm and gallium and indium induced additional wavelength 

emission in the range of 400-450 nm.  Iron doping is appropriate when the coating absorbs a lot in the UV-C 

range (200-280 nm) and gallium and indium doping is appropriate in pigmented formulations or for deeper 

curing. Gallium curing have been shown to produce softer cured coatings that pure mercury lamps. Some 

ozone is created during the use of the lamps and ventilation and thus essential. The intensity of the radiation 

decreases with the square of the distance away from the lamp, so reflectors are used to concentrate the 

radiation to the coated surface. [2] [12] [13] 

Electrodeless lamps have practically immediate start-up and do not suffer as much decrease in lifetime when 

doping. The electrodeless lamps are driven by microwaves. They are more expensive than the electrode lamp. 

[2] These are also commonly medium pressure mercury tubes. They irradiate less IR light and thus does not 

generate as much heat as the electrode lamps. [12] 

Excimer lamps produce UV radiation by decomposition of electronically activated molecules which results in a 

photon emission. This emission results in narrow wavelength band and incoherent light at high intensity which 

makes it possible for a rapid curing and at large surface areas. [2] 

Light emitting diodes (LED) emit UV radiation without much IR radiation. The LED lamps does thus not generate 

much heat, have low power consumption and are appropriate for usage of heat sensitive materials. At this 

moment LED emits narrow bands of rather long wavelengths which does not match the absorption of 

commercially available photoinitiators. [12] 

2.4.1.2 FREE RADICAL INITIATED UV CURE 

The initiators in coatings which cure by free radical polymerization must first become radicals during 

absorption of photons in the UV wavelength range. The creation of the radicals is through a cleavage of a bond 

or hydrogen abstraction, which then creates two radicals. One can use unimolecular and bimolecular photo 

initiators, which becomes radicals through different processes. [2] 
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Unimolecular photo initiators undergo bond cleavage enhanced by electron donating substituents to form 

carbon centered radicals. Examples are benzoin, 2,2-dialkyl-2-hydroxyacetophenones, 2-hydroxy-2-methyl-1-

propan-1-one and many more. Yellowing can be a problem in clear coats using these initiators. [2] 

Bimolecular initiators do not cleave a bond within themselves but abstract a hydrogen from a hydrogen donor 

and thus creates two radicals. The absorption of UV radiation excites an electron in the initiator which then can 

participate in a hydrogen abstraction reaction. Examples of bimolecular initiators are benzophenone and 2-

isopropylthioxanthone. Hydrogen donors can be tertiary amines with hydrogen of an alfa-carbon such as p-

(dimetylamino)benzoate and 2-(dimetylamino)ethanol. [2] [14] 

Free radical polymerization can be inhibited by oxygen. Oxygen have two free electrons which reacts with the 

propagating molecule to form an oxygen centered radical, peroxy free radical. The peroxy free radical 

terminates the polymerization reaction, as it does not react with a monomer. Because UV curing coatings can 

be applied in thin layer over large substrate areas there is a large exposure of the coating to oxygen. To prevent 

inhibition by oxygen the curing can be performed in an anoxic environment. Vacuum is expensive so commonly 

an inert environment is created by using inert gases such as CO2. CO2 have a high density and is therefore easy 

to contain to the application facility. If the curing process is sufficiently fast, radicals can be formed in such a 

rate that the oxygen is depleted at the film surface. This does not eliminate the problem of oxygen inhibition 

but decreases the effects from it. Higher curing rates can be achieved by using a high intensity UV source. The 

oxygen can be hindered from reaching the surface by addition of paraffin wax into the coating formulation. The 

wax forms a layer on the coating surface which shields the surface. The paraffin wax addition can have other 

consequences on the coating properties that one must consider. Another way to manage the oxygen inhibition 

is with addition of chain transfer agents such as thiols, tertiary amines and alkyl ethers with α-CH groups. These 

can react with the peroxy free radical by hydrogen abstraction and thus form a new carbon centered free 

radical which can begin a new propagation and continue the polymerization. The carbon centered free radicals 

can react with molecular oxygen and thus deplete oxygen at the coating surface. Addition of an amine to a 

unimolecular initiator can thus prevent oxygen inhibition. [2] [14] 

2.4.1.2.1 WATERBORNE UV CURE COATINGS 

Waterborne UV cure coatings have resins dispersed in water. This makes the viscosity of the coating 

independent from the molecular weight of the resin because it can be diluted with water. No other reactive 

solvents are needed which reduced emissions of volatile organic compounds. Because the viscosity is 

independent from the molecular weight, it is possible to use large molecules which in turn means that fewer 

reactions need to occur during film formation. Less reactions allows for less shrinkage of the film and thus less 

internal stresses. The water must evaporate before curing. It has been suggested that curing should be done 

right after the flash of due to the increased mobility of molecules with higher temperature which is favorable 

for a fast and good curing. Excess coating can be reused if collected with water wash and then ultra-filtrated. 

Waterborne UV cure coatings cam be mixed with other waterborne coatings to improve properties, especially 

for exterior durability. Due to the removal of water at elevated temperatures it is important to use nonvolatile 

photoinitiators. [2] 

2.4.1.3 CATIONIC UV CURE 

Irradiation of photoinitiators for cationic UV cure coatings forms strong protic acids and radical cations, which 

both can initiate the polymerization. The photoinitiators are frequently onium salts of strong acids. They can be 

used for free radical polymerization as well due to the formation of radicals during bond cleavage. [2] 

2.4.1.4 PIGMENTATION 

Pigments in the coating formulation can absorb and scatter incident light which limits the number of photons 

of correct wavelength which can be absorbed by the photoinitiators. Pigments can therefore be said to inhibit 

the polymerization of UV curing coating to some degree. This is particularly pronounced in thicker films where 
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little radiation passes through the majority of the film with pigments and photoinitiators. This can result in that 

the coating cannot cure the bottom layers of the film. Rutile TiO2 is a common pigment in coatings and absorb 

radiation in UV and near UV band. Due to curing of different layers of the film at different times, wrinkles can 

form. This is because the top layers will cure first and as the bottom layers cure, they will shrink, causing 

wrinkles of the top layers. Pigments increase the viscosity of the coating which is problematic for UV curing 

coatings as they generally already have a high viscosity due to the absence of solvent. [2] 

2.4.1.5 FUNCTIONALITY 

A reaction site for UV-curing coatings is acrylate functional groups. The number of 

acrylate groups on a monomer or oligomer is denoted functionality in this study. A 

monomer with two acrylic groups is difunctional. Studies have found that 

functionality affect reaction rate and extent of curing but is also believed to affect 

many other properties in the final coating film. [15] Functionality can also be related 

to shrinkage as the distance between atoms which are covalently bonded after 

polymerization is less than the distance when atoms are held together by van deer 

Waals forces. Formation of covalent bonds is likely proportional to shrinkage in the 

film during curing. [16]  

2.4.1.6 BINDER CHEMISTRY 

UV curing binders are all acrylated but can have various chemical backbones 

originating from the polymer used to produce the binder. Acrylic acid and 

methacrylic acid can be used to convert polymers to acrylates, seen in Figure 3 and 

Figure 4. 

POLYESTER 

 

FIGURE 5 POLYESTER 

 

FIGURE 6 ACRYLATED POLYESTER, DIFUNCTIONAL 

Polyesters in coatings refers to those made from polyols and polybasic acids to create an ester repeating unit, -

[-O-CO-R-]-, also seen in Figure 5. In UV curing systems, they have acrylic functional groups, as seen in Figure 6. 

They are amorphous and branched to create good films. There are many types of polyesters; they can be made 

from different starting material and have different amounts of crosslinking. Polyesters are often sensitive to 

hydrolysis in contract with water. [2] 

POLYURETHANE 

Polyurethanes are often made from isocyanate and alcohol but can also be produced through non-isocyanate 

reactions and are than called carbamates. They always contain the repeating urethane unit -[-NH-CO-O-], as 

FIGURE 3METHACRYLIC ACID 

FIGURE 4 ACRYLIC ACID 
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seen in Figure 7. An example of a generic acrylated polyurethane can be seen in Figure 8. Because of the 

presence of hydrogen bonded to nitrogen and carbonyl oxygen, it can easily form hydrogen bonds which, if 

they break, can reform. There are many different polyurethanes and various isocyanates can be used in the 

production; both aromatic and aliphatic. It is possible to create waterborne polyurethane coatings by creating 

dispersions. [2] 

 

FIGURE 7 POLYURETHANE 

  

FIGURE 8 ACRYLATED POLYURETHANE, DIFUNCTIONAL 

BISPHENOL A EPOXY RESINS 

Large volumes of resin, produced by reacting Bisphenol A with epichlorohydrine to form Bisphenol A epoxy, are 

used in the coating industry. The epoxy is later transformed to an acrylate by reacting with acrylic acid. The 

Bisphenol A epoxy can be seen in  Figure 9 and the acrylated resin in Figure 10.The Bisphenol A forms an anion 

which attacks the epoxy functional group and opens the triangle in basic conditions. The chloride anion can 

then be eliminated to form a new oxirane ring. [2] The repeating unit is –[-ph-C(CH3)2-ph-O-CH2-CH(OH)-CH2-

O-]-. 

 

FIGURE 9 BISPHENOL A EPOXY 

 

FIGURE 10 ACRYLATED DIFUNCTIONAL BISPHENOL A EPOXY 
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3. EXPERIMENTAL METHOD AND MATERIAL 

3.1 COATING FORMULATIONS 

3.1.1 PRIMER FORMULATION 
The primer used in all experiment is a formulation produced and sold commercially by Sherwin Williams AB. 

The primer is UF320 but will be referred to as primer or UV0 throughout the remaining report. The primer was 

prepared according to Table 1.  

TABLE 1 RECIPE OF UV0 

Raw material Function Amount wt% Instruction 

TMP(EO)TA Monomer (3-functional 
alcohol ethoxylate) 

22.3 Add 

Genorad 16 Stabilizer 0.1 Add under half vortex 
Laropal A 81 Aldehyde resin 12 Add under half vortex 
Byk 088 Defoamer 0,4  
   Disperse for  120 min 

max 50OC, 
Scrape walls, disperse  
for 60 min 

Laromer PE 8981 Oligomer (3-functional 
polyester resin) 

31.6  

TMP(EO)TA Monomer (3-functional 
alcohol ethoxylate) 

9.7  

Photoinitiator 184 Photoinitiator 1 3 Add under half vortex 
Benzophenon flakes Photoinitiator 2 0.9  
   Mix for  10 min 
Mistron Monomix G Filler (talc) 20  
   Mix 20 min 
Uvett Tint white XX1700- 
P964 

White paste 3 Add 

 

3.1.2 TOP COAT FORMULATIONS 

The recipes of waterbased topcoats in Table 2, 3 and 4 are based on previous a master thesis [1] which is 

referred to as the pre-study. The recipes of UV curable coatings in Table 5, 6, 7, 8, 9 and 10 are included in the 

main study. All coatings were mixed in a Dispermat disperser. The amount of pigment paste was decided by 

adding pigment paste to a coating until sufficient color was achieved, the same weight percentage of pigment 

paste were used in all coatings in the main study. 

3.1.2.1  PRE-STUDY FORMULATIONS  
TABLE 2 WATER BASED UV CURING TOPCOATS, SINGLE BINDER (WBUVS4,5,7,8) 

Raw material Function Amount [wt%] Instruction 

   Add while stirring 
WBUV binder Binder 87.5  
Igacure 1173 Photoinitiator 2.0  
BYK 346 Wettingagent 1.0  
Tegofoamex 825 Defoamer 0.5  
Water Solvent 8.0  
PUR 80 Thickener 1.0  
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TABLE 3 WATER BASED UV CURING TOPCOATS, DOUBLE BINDER (WBUVD3,6) 

Raw material Function Amount [wt%] Instruction 

   Add while stirring 
Bayhydrol 2282 Binder 50.0  
Igacure 1173 Photoinitiator 1.2  
BYK 346 Wetting agent 1.0  
Tegofoamex 825 Defoamer 0.5  
WB binder (partner) Binder 38.3  
Water Solvent 8.0  
PUR 80 Thickener 1.0  
 

TABLE 4 WATER BASED TOPCOATS (WB9,10) 

Raw material Function Amount [wt%] Instruction 

   Add while stirring 
DPnB Coalescent 5.0  
BG Coalescent 2.0  
BYK 346 Silicon surfactant, 

wetting agent 
1.0  

Tegofoamex 825 Defoamer 0.5  
PUR 80 Thickener 1.0  
Binder Binder 40  
   Agitate for 10 minutes 
Binder Binder 40  
Water Solvent 0.5  
Thickener    
 

The waterbased UV coatings were stored in plastic containers with lid and aluminum foil around to protect 

against UV light. Waterbased UV curing coating WBUVS5 used 0.3 wt.% instead of 1.0 wt.% thickener to 

achieve appropriate viscosity for spray painting, Table 2.  

3.1.2.2  MAIN STUDY FORMULATIONS 
TABLE 5 UV CURING TOPCOATS (UV1,2,3,4,5,6,10,11,12) 

Raw material Function Amount [wt%] Instruction 

Binder Binder 56.3  
Monomer Monomer 40.2  
Benzophenon Photoinitiator 2 2.5 Disperse for 30 min at 

1500 RPM in half vortex 
TPO-L Photoinitiator 3 1  
 Pigment paste blue 1 (on)  
 

The UV curing topcoats in Table 5 where created taking into consideration that the coating with highest 

viscosity should not exceed 5000 mPas. This method of deciding ratio has the consequence that most of the 

other formulations have low viscosity which limits the amount of coating which can be applied to substrates. 

TABLE 6 UV CURING TOPCOATS FOR ADDITIVE STUDY (UVA21,22,23,24) 

Raw material Function Amount [wt%] Instruction 

Ebecryl 885 Acrylated polyester resin 55.1  
Benzophenone Photoinitiator 2 2.5  
TPO-L Photoinitiator 3 1  
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HDDA Monomer 19.7  
   Disperse for 30 min at 

1500 RPM 
HDDA Monomer 19.7  
Pigment paste Pigment paste 1 (on)  
Additive Defoamer/Wetting agent 2 Disperse for 30 min at 

1500 RPM 
TABLE 7 UV CURING TOPCOATS FOR FILLER STUDY (UVF25,26,27) 

Raw material Function Amount [wt%] Instruction 

Ebecryl 885 Acrylated polyester resin 47.5  
Benzophenone Photoinitiator 2 2.5  
TPO-L Photoinitiator 3 1  
HDDA Monomer 17.0  
   Disperse for 30 min at 

1500 RPM 
HDDA Monomer 17.0  
Pigment paste Pigment paste 1 (on)  
Filler or TiO2-pigment Filler 15 Disperse for 30 min at 

1500 RPM 
 

TABLE 8 UV CURING TOPCOATS FOR MONOMER TO BINDER RATIO STUDY 1:1 (UVM31) 

Raw material Function Amount [wt%] Instruction 

Ebecryl 885 Acrylated polyester resin 48.3  
Benzophenone Photoinitiator 2 2.5  
TPO-L Photoinitiator 3 1  
HDDA Monomer 24.1  
   Disperse for 30 min at 

1500 RPM 
HDDA Monomer 24.1  
Pigment paste Pigment paste 1  
 

TABLE 9 UV CURING TOPCOATS FOR MONOMER TO BINDER RATIO STUDY 1:3 (UVM32) 

Raw material Function Amount [wt%] Instruction 

Ebecryl 885 Acrylated polyester resin 72.4  
Benzophenone Photoinitiator 2 2.5  
TPO-L Photoinitiator 3 1  
HDDA Monomer 12.1  
   Disperse for 30 min at 

1500 RPM 
HDDA Monomer 12  
Pigment paste Pigment paste 1  
 

TABLE 10 UV CURING TOPCOATS FOR MONOMER TO BINDER RATIO STUDY 1:7 (UVM33) 

Raw material Function Amount [wt%] Instruction 

Ebecryl 885 Acrylated polyester resin 84.4  
Benzophenone Photoinitiator 2 2.5  
TPO-L Photoinitiator 3 1  
HDDA Monomer 6.1  
   Disperse for 30 min at 

1500 RPM 
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HDDA Monomer 6.0  
Pigment paste Pigment paste 1  
 

UV curable coatings were stored in metal containers to protect them from sun light which could initiate 

reactions.  

Binder and both photoinitiators for the UV curing topcoats in Table 5 were mixed with dissolver at 

approximately 600 rpm for ca 5 minutes. Then half of the monomer was added and the solution was let to 

disperse with a mixing speed of 1550 rpm for 20 minutes to properly dissolve benzophenone flakes. After 

dissolving all of the photoinitiator, the rest of the monomer was added during stirring at approximately 600 

rpm. The solutions were set to rest so that the foam would be removed before pigment paste was added. It 

was concluded with tests that 1% of the pigmented blue paste was necessary in the top formulations. 

A waterbased UV curable sealer produced by Sherwin-Williams AB was used between primer and oak when 

testing coatings from Table 6, 7, 8, 9 and 10. The sealer is named UC600.  

3.2.1.3  SUMMARY TOPCOATS 
TABLE 11 TOPCOAT NAMING 

Name Type Binder 1 Binder 2 Monomer Additive/Filler/Monomer 
to binder ration 

4 WBUVS Ucecoat 7733 - - - 
5 WBUVS Laromer 9005 - - - 
7 WBUVS Bayhydrol 

2282 
- - - 

8 WBUVS Ucecoat 7156 - - - 
3 WBUVD Bayhydrol 

2282 
Neocryl 
XK205 

- - 

6 WBUVD Bayhydrol 
2282 

Neocryl A 662 - - 

9 WB EP6060 - - - 
10 WB Neocryl XK205 - - - 
1 UV Ebecryl 885 - 4-HBA - 
2 UV Ebecryl 885 - HDDA - 
3 UV Ebecryl 885 - Ebecryl 892 - 
4 UV Craynor 104 - 4-HBA - 
5 UV Craynor 104 - HDDA - 
6 UV Craynor 104 - Ebecryl 892 - 
10 UV Ebecryl 2221 - 4-HBA - 
11 UV Ebecryl 2221 - HDDA - 
12 UV Ebecryl 2221 - Ebecryl 892 - 
21 UVA Ebecryl 885 - HDDA BYK 088 
22 UVA Ebecryl 885 - HDDA BYK 23300 
23 UVA Ebecryl 885 - HDDA BYK 23550 
24 UVA Ebecryl 885 - HDDA Antiterra U 80 
25 UVF Ebecryl 885 - HDDA Mistron Monomix G 
26 UVF Ebecryl 885 - HDDA Omyacarb 
27 UVF Ebecryl 885 - HDDA TiO2 
31 UVMtB Ebecryl 885 - HDDA Monomer:Binder 1:1 
32 UVMtB Ebecryl 885 - HDDA Monomer:Binder 1:3 
33 UVMtB Ebecryl 885 - HDDA Monomer:Binder 1:7 
 

3.1.3 SUBSTANCES 
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3.1.3.1  PHOTOINITIATORS 

Photoinitiators contribute with initiation reactions by absorbing UV radiation and then create radicals which 

attack acrylate of the binder or monomer which then forms carbon centered radicals which propagates and 

forms the coating film. The choices of photoinitiator depend on the wavelength of the light which it can absorb. 

This can be seen with the help of a UV/VIS spectrophotometer analysis. Which lamp that is appropriate to use 

and if the photoinitiator contribute to curing close to the surface or close to the substrate-coating interface 

depend on the absorption spectrum of the initiator. 

PHOTOINITIATOR 184 

Irgacure 184 contains 1-hydroxy-cyclohexyl-phenyl-ketone with a molecular weight of 204.3 g/mol and CAS-

number 947-19-23. It is also called Omnirad 184. It is a non-yellowing photoinitiator which is used for initiation 

of photopolymerization reactions with acrylates in combination with mono- and/or multifunctional vinyl 

monomers. Absorption peaks are around 200, 240, 270 and 330 nm with decreasing intensity. [17] [18] 

BENZOPHENONE FLAKES 

Benzophenone has a molecular weight of 182.2 g/mol and the molecular formula C13H10O. It also has the name 

diphenylmethanone with CAS-number 119-61-9. [19] Benzophenone absorbs at 345 nm and at 250 nm. [20] 

IRGACURE 1173 

Irgacure 1173 or Darocure 1173 has the chemical name 2-hydroxy-2-methyl-1-phenyl-1-Propanone with CAS-

number 7473-98-5. [21] 

TPO-L 

TPO-L is 2,4,6-trimethylbenzoylphenyl phosphonate and is a clear yellowish liquid. It has a density of 

approximately 1.1 g/cm3. TPO-L has a large mass absorptivity peak in ethanol under approximately 340 nm and 

a smaller and wide peak between 350 and 400 nm. [22] 

3.1.3.2  PIGMENT PASTE 

Pigments can affect the absorption of UV light and thus influence curing which can influence the intercoat 

adhesion. It is therefore preferable to not tint the formulation but as one method which will be extensively 

used is the pull-off method is determined that it is important to tint the primer and topcoats in different colors 

so that the results can be visually studied. The primer was tinted white with the addition of 3 wt% white paste 

because the previous master thesis used this amount. The topcoats were tinted blue with 1 wt% blue paste as 

it was the lowest amount which gave sufficient coverage. The blue pigment was chosen as a recommendation 

by Sherwin-Williams AB. The pigment pastes are produced by Sherwin-Williams AB. 

3.1.3.3  BINDERS 

LAROPAL A 81 

Laropal A 81 is a urea-aldehyde resin with a density of 1.1 g/cm3. It is not soluble in water. It is pure and in solid 

state. [23] [24] 

LAROMER PE 8981 

Laromer PE 8981 contains polymer based on polyester, acrylates and amine. More than 95 % contain an 

undefined polyesteracrylate and the remaining 5% of the product contain MEHQ (mequinol), tributylamine, 

sulfuric acid and trimethylolpropane triacrylate. [25] 

UCECOAT 7733 

Ucecoat 7733 is a polyurethane dispersion. It is white and odorless and contain 1-1.5 % triethylamine. It has a 

pH of 7-8.5. [26] Ucecoat 7733 is UV-curable and recommended for waterbased coatings. It has a Brookfield 

viscosity at 25°C of less than 200 mPas and a solid content between 37 and 49 wt%. [27] 
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LAROMER 9005 

Laromer 9005 is an aqueous dispersion of approximately 40% acrylate polyurethane. It also contains 

trimethylolpropane and acrylic acid ester. It has a pH value between 7 and 9, a density of 1.1 g/cm3and a 

dynamic viscosity ranging from 20-250 mPas. It has a solid content of 38-42 %. [28] 

BAYHYDROL 2282 

Bayhydrol is an acrylated polyurethane dispersion. Bayhydrol 2282 contain less than 2 % triethylamine. The 

density is 1.06 g/cm3at 20 C. [29] 

UCECOAT 7156 

Ucecoat is an aqueous polyurethane dispersion which is radiation curable. It has a pH between 6-8, a density 

between 1.0-1.2 g/cm3and a dynamic viscosity between 2000- 4500 mPas. [30] 

EP6060 

PRIMAL EP6060 is an emulsion containing 35.0-37-0 % acrylic polymers, less than 0.1 % aqua ammonia, less 

than 2.0 % zinc ammonia carbonate complex and 61-63 % water. [31] It has a pH of 7.9-8.9 and a maximum 

dynamic viscosity of 100.0 mPas. [32] 

NEOCRYL XK205 

Neocryl XK205 is an anionic acrylic styrene copolymer emulsion with pH from 7.4 to 7.6 and a density of 1.03 

g/cm3at 20°C. It contains small amounts of styrene, acrylic acid and acrylonitrile. The neutralizing agent is 

ammonia. It has a minimum film formation temperature at 55°C and a maximum of 1000 ppm free monomer. 

The resin contains 56.60 wt% water, 41.80 wt% styrene acrylic copolymer, 0.50 wt% ammonia, less than 0.20 

wt% styrene and less than 0.001 wt% acrylonitrile. [33] [34] [35] 

NEOCRYL A 662 

Neocryl A662 is anionic acrylic styrene copolymer emulsion whit ammonia as neutralizing agent. It contains 

58.20 wt% water, 40.00 wt% styrene acrylic copolymer, and less than 0.20 wt% styrene. pH is between 7.3 and 

7.8 and the density is 1.04 g/cm3at 20°C. Dynamic viscosity at room temperature is 20 mPas. [36] [37] [38] 

EBECRYL 885 

Ebecryl 885 is a tri-functional acrylate polyester with a density of 1.19 g/cm3and a molecular weight of 1250 

g/mol. Its acid value is 25 mg KOH/g (max). The viscosity of Ebecryl 885 is approximately 34 Pas. It contains 93-

97 wt% acrylate resin, less than 5 wt% Tri(ethyleneglycol) diacrylate, 0.1-0.2 wt% 4-tert-Butylcatechol and less 

than 0.5 wt% f Trimethylolpropane triacrylate, acrylic acid and toluene. [39] [40] 

CRAYNOR 104 

Craynor 104 is a di-acrylate resin made from Bisphenol A and epoxy. It has a density of 1.195 g/cm3and a 

dynamic viscosity of 15-20 Pas. The solubility in water is 82 mg/l and the acid value is 2 mg KOH/g (max). 

Craynor 104 is pure oligomer and that is the reason why it is chosen for this study. It has a pH between 6.8 and 

7.2. The CAS-number is 55818-57-0. [41] [42] 

EBECRYL 2221 

Ebecryl 2221 is a di-functional aromatic polyurethane made from isocyanate and pentaeryltriol. It has a density 

of 1.0735 g/cm3, a molecular weight of 1000 g/mol and is less than 0.02 % soluble in water. It is not diluted 

which is the reason it was chosen for this study. It contains more than 99 wt% acrylated resin, less than 1 wt% 

polyol acrylate and less than 0.26 wt% acrylic acid. The chemical name of the acrylated resin is 

polycaprolactone diol, CAS-number: 69089-45-8. [43] 

3.1.3.4  MONOMERS 
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TMP(EO)TA 

TMP(EO)TA is 97% triacrylate of ethoxylated trimethyol propane and less than 3% trimethylolpropane 

triacrylate. It has a yellow to greenish color and a high viscosity. TMP(EO)TA is used as a binder in UV curing 

coatings. TMP(EO)TA can be ethoxylated to different degrees, commonly 3, 6 or 9 ethoxy groups. The degree of 

ethoxylation is not known for this raw material. [44] 

4-HBA 

4-hydroxybutl acrylate is a monofunctional monomer with a dynamic viscosity of 0.0111 Pas, a density of 

1.0405 g/cm3and a molecular weight of 144.17 g/mol. It is mixable with water. It is chosen because it has a 

simple structure and in monofunctional. 4-HBA has CAS-number 2478-10-6. [45] The chemical structure of 4-

HBA can be seen in Figure 11. 

 

FIGURE 11 CHEMICAL STRUCTURE OF 4-HBA 

HDDA 

HDDA is difunctional, has a dynamic viscosity of 0.01 Pas and a density of 1.03 g/cm3. It is not soluble in water. 

It has an acid value of 1 mg KOH/g (max). HDDA is short for 1,6-hexanediol diacrylate, it is a difunctional 

monomer with formula weight of 226 g/mol. CAS-number 13048-33-4. [46] [47] The chemical structure of 

HDDA can be seen in Figure 12. 

 

FIGURE 12 CHEMICAL STRUCTURE OF HDDA 

EBECRYL 892 

Ebecryl 892 is a tetra-functional monomer with a dynamic viscosity of 140 mPas and a density of 1.15 g/cm3. It 

is diluted with tetra-functional acrylate. It contains 30-35 wt% polyol acrylate ((Trimethylolpropane ethoxylate 

triacrylate)), less than 0.3 wt% acrylic acid and less than 0.15 wt% phosphites. It was chosen to be used un the 

main study because it was the monomer with highest functionality without having a too high viscosity. [48] [49] 

3.1.3.5  COALESCENT 

DPNB 

Dipropylene glycol n-butyl ether is a solvent with CAS-number 29911-28-2. It has a purity above 99 wt%. The 

molecular weight is 190.27 g/mol, the pH is 7, density is 0.910 g/cm3, dynamic viscosity of 4.35 mPas. and it is 

soluble in water. [50] 

BG 

Butyl glycol or 2-butoxyethanol has CAS-number 111-76-2 and is classified as a solvent. It has a density of 

0.899-0.902 g/cm3, a viscosity of 3.2-3.3 mPas at 20°C and a molecular weight of 118.2 g/mol. [51] 
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3.1.3.6  WETTING AGENT 

BYK 346 

BYK 346 is a silicone surfactant with a density of 0.99 g/cm3. The chemical nature is a solution of a polyether 

modified siloxane with 47-48 % 2-Methoxymethylethoxypropanol. [52] [53] 

BYK-LP N 23550 

BYK-LP N 23550 is a wetting and dispersing additive made of copolymer with pigment-affinic groups. It has a 

density of 1.084 g/cm3at 20°C. It contains 30-50 % oxybis(methyl-2-2-ethanediyl) diacrylate (DPGDA) which is 

used as a solvent and approximately 60 % active substances.  

ANTI-TERRA-U 80 

ANTI-TERRA-U 80 is a wetting and dispersive liquid additive. 50-100 % of the content is an unsaturated 

polyamine amide salt and 12.5-20 % 2-butoxyethanol, CAS-number 111-76-2, and low-molecular acidic 

polyesters. It has an amine value of 30 mg KOH/g, an acid value of 40 mg KOH/g and a density at 20°C of 0.99 

g/cm3. [54] [55] 

3.1.3.7  THICKENER 

PUR 80 

PUR 80 is a polymer dispersion used as a thickening agent. It has a pH value of 7.5 and a viscosity of 5000 mPas 

at 20°C. It contains 60-90 wt% water and 10-30 wt% polyurethane. [56] 

3.1.3.8 DEFOAMER 

BYK 088 

Byk 088 is a solution of foam destroying polymers and polysiloxanes. It contains above 50 % naphtha petroleum 

which is a heavy alkylate. It has a density of 0.7500 g/cm3at 20°C and is not soluble in water. [57] [58] 

TEGO FOAMEX 825 

Tego Foamex 825 is an emulsion of organo-modified polysiloxanes. It contains 1-2.5 % ethoxylated octadecan-

1-ol (< 2.5 EO) and 0.01-0.05 1,2-Benzisothiazol3(2H)-one. It has a pH value of 6-9 at 25°C, a density of 

approximately 1 g/cm3and a dynamic viscosity of 220-620 mPas at 25°C. [59] 

BYK-LP D 23300 

BYK-L D 23300 is a defoamer. It contains 50-100 wt-% 2-butoxyethanol, 20-25 wt-% 2-ethylhexan-1-ol and 7-10 

wt-% low boiling point hydrogen treated naphtha. It has a density of 0.887 g/cm3at 20°C. [60] 

3.1.3.9 STABILIZER 

GENORAD 16 

Genorad 16 is a polymerization inhibitor in acrylic acid ester. It contains 25-50% glycerol, propoxylated, esters 

with acrylic acid (propoxylated glycerol triacrylate), 25-50% vinylesters resin (Bisphenol A-epichlorohydrin 

acrylate), 5-10% stabilizer and less than 3% mequinol (4-Methoxyphenol). It has a viscosity of 1000-3000 mPas 

at 25°C, an acid number lower than 17 mg KOH/g and a density of 1.13 g/cm3at 20°C. [61] [62] 

3.1.3.10 FILLERS 

MISTRON MONOMIX G 

Mistron monomix G contain above 96% talc (hydrous magnesium silicate, Mg3Si4O10(OH)2) with addition of less 

than 2% chlorite, dolomite and magnesite, respectively. [63] 

OMYACARB 2-GU 
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Omyacarb 2-GU contain 98 % calcium carbonate, CAS-number 1317-65-3, 2 % HCl insoluble content most likely 

to be dispersive agents and 0.2 % Fe2O3. The packed bulk density is 1 g/cm3and the pH value is 9. The mean 

particle size is 2.5 µm. [64] 

TIO2 R706 

R706 contain 80-98 % titanium dioxide, CAS-number 13463-67-7, 0-9 % aluminum hydroxide, CAS-number 

21645-51-2 and 0-11% amorphous silicon dioxide, CAS-number 7631-86-9. The relative density is 3.4-4.3. [65] 

[66] 

3.2 SUBSTRATES  
The planned project first aimed to use board as the substrate on which to apply coatings. After consideration to 

the previous master study made by Andres Bengtsson is was determined that oak panels would be more 

suitable. This is due to the low cohesion within the board, even high-density board, which resulted in the 

previous project in failure of the substrate during pull-off tests and thus no information of intercoat adhesion 

could be attained. During this study it was found that the adhesion between primer and oak is less that the 

intercoat adhesion in several systems which have led to further investigations of appropriate substrates, most 

of is based on the idea that the coating could be removed from the substrate before analysis. A waterbased UV 

curable sealer was used between oak and primer to enhance the adhesion to the substrate for the studies on 

additives, fillers and monomer to binder ratio. 

3.2.1 OAK 
The oak panels were cut into 20x40 cm2 or 20x20 cm2 panels which then are sanded in a COSTA Levigatrici serie 

A sanding machine, with sanding paper of 150 and 180 grit. Coated oak panels were used for pull-off 

measurements.  

3.2.2 GLASS 

Glass panels were cleaned with water, butyl acetate and finally acetone. The panels were approximately 10x22 

cm2. Coated glass panels were used to analyze surface energy, pull-off measurements, curing at depth analysis 

and ultrasonic echo method. 

3.2.3 TEFLON 
Teflon were cut into 20x25 cm2 rectangles and fastened with pop rivets to medium density board (MDF). Care 

was taken to achieve a flat Teflon panel but is was not fully achieved. Coatings cured on Teflon was used for 

pull-off measurements, ultrasonic echo and ultrasonic bath method.  

3.2.4 LENETA CARDS 
LENETA cards are black and white sealed opacity charts which are often used to control opacity and color of a 

coating. The type is called Form 2A and has the size 140x 254 mm. [67] LENETA cards were used to decide 

amount of pigment paste in formulations and to analyze curing degree of primer.  

3.2.5 MYLAR FILM 
Mylar film is a polyester film. Mylar film was used for the deflection method. 

3.2.6 Q-PANEL 
Q-panels standard test substrates are made of steel and have consistent properties which makes them good for 

testing and comparing properties of coatings. [68] Q-panels were used for pull-off measurements.  

3.3 APPLICATION TECHNIQUES 
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There are many ways in which coatings can be applied to substrates. Common for UV curable coatings is to 

apply with a roller, and for water-or solvent based coatings a spray gun is often used.  

3.3.1 ROLLER  
A roller is a good application technique when thin, even films are desirable. The roller consists of two spinning 

cylinders, the application cylinder, which is in rubber, and the dosage cylinder, which is in stainless steel. The 

substrate is transferred past the cylinders and, depending on the pressure of the application cylinder onto the 

substrate and the speed of the cylinders, the amount of added coating can be controlled. The cylinders can 

move in the same or opposite direction. A schematic illustration can be seen in Figure 13. Roller application 

was used on all oak substrates and Teflon substrates.  

 

FIGURE 13 SCHEMATIC ILLUSTRATION OF ROLLER APPLICATION WITH REVERSE DIRECTION OF CYLINDERS 

3.3.2 FRAME APPLICATOR 
A frame applicator is a rectangular stainless-steel applicator which has a gap of a certain thickness in which the 

coating can come through when the applicator is moved forward. This is useful for simple tests as it is quick 

and easy to use but the thickness can vary depending on the speed in which the applicator is moved. An 

illustration of a frame applicator seen from the side can be seen in Figure 14. Frame applicator was used to 

apply coating to glass substrates and Mylar film taped to glass substrates. 

 

FIGURE 14 FRAME APPLICATOR SEEN FROM THE SIDE 

3.3.3 SPIRAL APPLICATOR 

A spiral applicator is a rod with a spiral structure of a certain depth. The applicator can be fastened to a 

machine which drags it across the surface and create coating films of a certain thicknesses. Spiral applicator 

was used to apply coating to LENETA cards. 

3.3.4 SPRAY GUN 

A spay gun creates an aerosol of the coating using pressurized air. The application amount and the size of the 

aerosol spheres depend on the pressure and the size of the opening.  

3.4 CURING TECHNIQUE 
An oven with an 80 W mercury lamp from PRIMAC UV technology was used to cure the coatings in the main 

study. FTIR measurements were conducted on the primer to ensure that the sample is properly cured.  
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Waterbased and waterbased UV curing coating in the pre-study were set to dry for 5 minutes (flash off) and 15 

minutes in an oven of 40°C. The WBUV covered panels were then cured immediately after with a mercury lamp 

with a dose of 436 mJ/cm2. The lamp had an effect of 120 W/cm and the speed of the panel past the lamp was 

approximately 11 m/min. The panel passed the lamp twice to receive the correct dose. 

3.5 ANALYSIS AND MEASUREMENT TECHNIQUES 
The purpose of this study is to analyze intercoat adhesion, but there is no standard method for this analysis. 

Some different methods are presented which together could combine to an understanding of intercoat 

adhesion. 

3.5.1 ADHESION ANALYSIS 

3.5.1.1 TAPE TEST METHOD 

The tape test method involves cutting the surface with a knife to create cross-hatch or “x” cut patterns and 

then applying a pressure sensitive tape and remove the tape at a high rate. This method does not give 

qualitative results but is a simple way to provide a comparison of adhesion of different coatings. The method is 

standardized as ASTM D3359 Test method for measuring adhesion by tape test and ISO 2409 Cross-cut test but 

can also be found with different names such as knife adhesion, tape adhesion and adhesive peel test. The cuts 

should penetrate the entire coating and reach the substrate. The results depend on the person conducting the 

experiment and the tape which is used. [69] [3] [70] 

The tape test method was used for some panels in the pre-study. It was then decided to be removed as a 

method in the study as it depend too much on the person conducting the experiment. 

3.5.1.2 PULL-OFF METHOD 

The pull-off method has been standardized as ISO 

4646 and as ASTM D4145 Test method for pull-off 

strength of coatings using portable adhesion testers. 

A dolly is glued to the surface and then removed with 

a perpendicular force to the substrate. The coating 

should be cut down to the substrate around the dolly 

before lifting of the dolly. The force which is required 

to remove the coating from the substrate is measured. 

A schematic illustration of the pull-off method can be 

seen in Figure 15. Different dollies and glues can be 

used and effect the results of the measurement. It is 

less sensitive to the user of the test compared to the 

tape test method. The environment such as 

temperature and humidity can affect the method as it 

depends on the adhesion of the glue to the coating. 

The glue must adhere stronger to the coating than 

the coating does to the substrate. [3] [71] 

DeFelsko PosiTest AT-A automatic adhesion tester was used for the waterbased samples and for the UV curable 

coatings a P.A.T. Precision Adhesion Testing equipment from DFD instruments in Kristianstad, Norway was used. 

The glue which was used was a Scotch-Weld Epoxy structural adhesive DP 460.  

3.5.1.3 ULTRASONIC SOUNDWAVE ANALYSIS 

A method which potentially could be used for investigation of intercoat adhesion is the ultrasonic wave 

method. This method has been used to study the trend between intercoat adhesion and curing. As the 

FIGURE 15 SCHEMATIC ILLUSTRATION OF THE PULL-OFF MEASUREMENT TO 

ANALYZE INTERCOAT ADHESION 
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sinusoidal ultrasonic sound wave propagates through the sample there will be a compression of the wave due 

to the material density. [72] The method of using pulsed ultrasonic waves is used for detection of porosity and 

voids. The method is based on differences in density between the sample and possible defects. The method 

can be divided into two basic techniques; through-transmission and pulse-echo. [73] 

Other methods using ultrasonic wavs are based on acoustic emission. As a material fractures it gives rise to a 

stress wave of high frequency with is referred to as acoustic emission. This stress wave can be detected with a 

microphone or piezoelectric transducer. [73] The acuosto-ultrasonic approach combines acoustic emission with 

stress waves due to ultrasonic stimulation. This approach can be used to determine mechanical properties, and 

not only minor flaws. The technique is nondestructive. A pulse source, typically a piezo transducer, is used to 

generate ultrasonic waves which should resemble the waves created in acoustic emission. The waves are sent 

into the material periodically and will be modified by the same mechanisms as those which create stress waves 

during crack formation. The method evaluates the relative rate of the stress wave propagation through the 

material. [74] [75] 

From this theory two methods which could be performed was developed; denoted ultrasonic bath and 

ultrasonic echo. 

3.5.2.3.1  ULTRASONIC BATH 

An ultrasonic bath was prepared by cleaning and filling the bath with deionized water. Two 150 ml glass 

beakers, one containing 100 ml deionized water and the other 100 ml pure ethanol, were set in the bath. 90 

µm of the primer and 80 µm of topcoat were applied to glass panels with a frame applicator. The coating could 

then be removed from the glass and cut into 10x10 mm2 squares. The coating squares were immersed in the 

beakers and the ultrasound bath was started. The experiment continued for 5 hours. 

3.5.2.3.2  ULTRASONIC ECHO 

Ultrasonic echo was tested at Svenska Elektrod AB in Solna. The tester consists of two pieces of a piezo 

element, one to send the ultrasonic waves and another to receive and detect the echo. At every material 

interphase an echo is created which can be recorded. The recorded echo has a higher amplitude if the material 

density difference is larger. Thus, by comparing the amplitude of the echo at the same distance, one could 

draw conclusion about the interphase between the coatings. 

3.5.3 PROPERTIES OF COATINGS 

3.5.3.1 CONTACT ANGLE 

A contact angle measurement tests the wettability of a 

surface. Most often water is used as the liquid and a droplet 

is places on the surface which is analyzed and the angle 

inside the drop between the solid-liquid and the liquid-gas 

(air) interfaces, illustrated in Figure 16. This angle can be 

described by Young´s equation which relates the contact 

angle to the surface tensions of the three different 

interfaces. Young´s equation can be seen in Equation 1. If 

the sample is horizontal the measurement results in a static 

contact angle. [76]  

EQUATION 1 

γSG = 𝜸𝑺𝑳 + γLGCOSθ 

FIGURE 16 CONTACT ANGLE OF WATER DROP ON SURFACE 
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Where θ is the contact angle, γSG is the surface energy between solid and gas, 𝜸𝑺𝑳 is the interfacial energy 

between solid and liquid and γLG is the surface tension between liquid and gas. [77] The parameters are 

illustrated in Figure 16. 

Wettability is important for adhesion as it is clear that for adhesion to occur the substrate and coating must 

come in contact with each other. Increased wettability (decreased contact angle) will increase the number of 

sites where adhesion can occur. For a coating to wet a substrate, the liquid coating must have a lower surface 

tension than the surface energy of the substrate. A larger surface tension gradient will induce a higher rate of 

wetting as the driving force increases with an increasing surface tension gradient. The viscous properties of the 

liquid coating will oppose wetting. [3] 

The surface energy of cured coatings on glass was measured with KRÜSS Drop Shape Analyzer. The contact 

angle was measured on the cured coating with standard liquids. The liquids used were water and 

diiodomethane, with superficial tensions of 72.10 mN/m and 50.00 mN/m, respectively. Water is a polar liquid 

and diiodomethane is an apolar liquid. OWRK: Owens-Wendt-Rabel-Kaelble model was used to calculate the 

surface energy. Five measurements on five drops for each sample was conducted. A 1 ml syringe with a needle 

opening diameter of 0.5 µl was used. The drop size was set to 2 µl and the rate in which the drop was made 

was 50 µl/min. The air was removed from the syringe before the measurement.  

The contact angle of the liquid coating on Teflon was measured to give the dispersive part of the surface 

tension of the coating. The contact angle measurement on Teflon with the liquid coatings were conducted as 

previous contact angle measurements apart from the needle diameter which was 1.825 mm. The Teflon was 

cleaned with methyl ethyl ketone by pouring and set to dry. The Teflon was not wiped with tissue to avoid 

buildup of static electricity. 

 

3.5.3.2  PENDANT DROP METHOD 

The pendant drop method is a useful technique to measure surface tension. In principal, a drop is suspended 

from a capillary or sharp-edge knife. The shape of the drop depends on the surface tension and the 

gravitational force. A higher surface tension will result in a rounder drop. The shape of the drop is then 

compared to a theoretical Laplace curve and fitting is done by minimizing the um of the squares of the 

difference between the Laplace curve and the experimental data. This comparison is called axisymmetric drop 

shape analysis. The technique can give precise results on surface tension but is limited when the drop has a 
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round shape. This is because a slight change in surface tension affects the shape of an elongated drop 

significantly but not as clearly for a round drop. [78] 

The pendant drop method and contact angle on an apolar substrate of Teflon with the liquid coatings was used 

to determine the surface tension. OWRK: Owens-Wendt-Rabel-Kaelble model was used to calculate the surface 

tension.  Five measurements on minimum five drops for each sample was conducted. 1 ml syringes were used 

in the experiments with a needle hole diameter of 1.825 mm. The rate at which the drop is formed was 50 

µm/min. With the pendant drop method, the drop volume was determined for each varnish as the maximum 

volume before the drop fell from the needle. Three lines could be adjusted in the computer software, two set 

at the needle which were used to calibrate number of pixels to real size, and one line where the negative 

curvature of the drop ends. The software identifies the curvature of the drop and can thus calculate the surface 

tension in air.  

 

3.5.3.3  DEFLECTION METHOD 

The shrinkage of coatings during curing creates tensile stresses which must be compensated by good adhesion 

for the coating to not release the substrate or primer. UV curable coatings shrink to a large extent in general.  

[3] [79] The deflection method has one standardized version named ASTM D6991 – 17e1 Standard Test 

Method for Measurements of Internal Stresses in Organic Coatings by Cantilever (Beam) Method. [80] Metal 

strips are coated with the sample and cured. The deflection of the substrate strip is then measured. The 

substrate should be rigid and have a relatively high Young´s modulus so that is does not wrinkle. In a previous 

master thesis conducted at Sherwin Williams by Andreas Bengtsson plastic strips of Mylar film was used. [1] An 

illustration of the method can be seen in Figure 17. 

 

FIGURE 17 SCHEMATIC ILLUSTRATION OF THE DEFLECTION METHOD ON MYLAR FILM 

Shrinkage was measured with the deflection method in the main study. Strips of Mylar film were cut into sizes 

of 10x100 mm. The strips were taped to glass panels, two on each side and three in the middle. A frame 

applicator was the used to add coating with a thickness of 60 µm. The coated panel was cured as previous 
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samples and the strips were removed carefully from the glass. The bend of the strips could then be noted as 

deflection which correlates to the shrinkage of the coating. 

3.5.3.4  PH 

pH was measured with a glass electrode from Metrohm. It was noticed after the experiments that the 

electrode has insufficient amount of KCl solution inside and the values could therefore be erroneous. An 

approximate error cannot be estimated.  

3.5.3.5  VISCOSITY 

The viscosity of the UV formulations was measured with a Brookfield DVE Viscometer from CiAB Chemical 

Instruments AB. A blade in various sized spins at a set speed measured in rounds per minute (RPM). The 

temperature of the wet coating is set to 23°C. It is important that the temperature is the same for all 

measurements as viscosity is related to temperature. The machine measures the viscosity for 1 minute before 

the result is noted, this is to take in to consideration the non-Newtonian properties which can be different 

between different formulations. The rondels which are spinning have the sizes 3, 4, 5 and 6, where 6 is the 

smallest with an approximate diameter of 1.5 cm and 3 is the largest with an approximate diameter of 3.5 cm.  

3.5.3.6  DENSITY 

Density of the UV curing formulations was measured with a steel ball from ERICHSEN which were lower into 

the liquid and the weight increase was measured. The ball had an exact volume of 10 ml. The measurement 

was conducted at room temperature which was 20°C.  Due to ventilation there were fluctuations in the 

measurement and an error of approximately ±0.3 g/10ml could be expected. 

3.5.4 IRRADIATION METHODS 

3.5.4.1 INFRARED SPECTROSCOPY 

Infrared spectroscopy is a useful tool when determining which substances which are present within a sample. It 

can be used to follow photopolymerizations reactions with in situ IR analysis. [81] All molecules exhibit 

vibrational movement as stretching and bending. In stretching the bond length change and in bending the 

angle between two bonds change. These vibrational modes oscillate at their resonance frequencies. If 

irradiation with the same frequency would encounter the molecule, the photon would be absorbed. The 

frequencies of these modes are all within the infrared spectrum. IR spectroscopy is a method where a sample is 

irradiated with IR radiation and the transmittance is measured. This provides information of which types of 

bonds that are present in the sample and can be very useful for determination of molecular structure. There 

are different types of IR instrumentation. [3] 

Position, shape and intensity provide information about functional groups present in the sample. An IR 

spectrum should always be analyzed with caution as reliable interpretations are few due to the large amount of 

information. The acrylate functional group has a peak at approximately 810 cm-1. The functional group 

RCH=CH2 have medium strong peaks at 1850-1800, 1640 and 1410 cm-1, where the peak 1650 cm-1 correspond 

to the C=C stretch. The carbonyl peak is strong and usually quite sharp around 1750 cm-1. [82] [83] 

The appropriate dose of UV radiation to cure the primer was determined by using an IR spectrophotometer. 

The primer was drawn up on LENETA cards with a frame applicator, which were set to add a layer of coating of 

80 µm. The coated LENETA cards were with various doses of energy. The cards were then studied with FTIR ATR. 

The liquid coating was analyzed with FTIR Transmittance. 

To study curing degree at depth, glass panels were coated with various film thickness and cured at various 

doses. The cured coating was removed from the glass and the bottom of the coating, which had previously 

been towards the glass surface, was placed towards the ATR crystal.  
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The IR results are presented as normalized values. This means in this study that the area of the peak 

corresponding to the acrylic functional group has been divided with the area of the carbonyl functional group, 

seen in Equation 2. This is because the IR is not a qualitative measurement technique, but the values can be 

compared when considering that the number of carbonyl functional groups in the coating should not change 

upon curing. 

EQUATION 2 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 =
𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑠𝑡𝑢𝑑𝑖𝑒𝑑 𝑝𝑒𝑎𝑘

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛𝑦𝑙 𝑝𝑒𝑎𝑘
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4. RESULTS AND DISCUSSION 
The aim of the study was to relate properties of coating formulations to intercoat adhesion to be able to have a 

better understanding of what influences intercoat adhesion and how one can study intercoat adhesion. The 

tape test method was excluded early in the study as it varies with the implementer. Using ultrasonic waves to 

either separate coating layers in an ultrasonic bath or to study the echo through the coatings was unsuccessful 

for the samples in this study. This does not exclude the possibility of using ultrasonic waves and its echo to 

determine intercoat adhesion, but for these thin layers with great adhesion it was not possible with available 

instruments. Thus, the only available method to study intercoat adhesion in this project was the pull-off 

method. The pull-off method could not provide intercoat adhesion values for most samples as the breakage 

occurred between primer and substrate and not between coatings. This means that the intercoat adhesion for 

most formulations in this study were greater than the adhesion between primer and substrate, and in some 

cases greater than the cohesive forces within the oak, as seen in Figure 18. 

 

FIGURE 18 COHESIVE FAILURE WITHIN OAK PANEL DURING PULL-OFF MEASUREMENT 

4.1 CURING DOSE OF PRIMER 

 

FIGURE 19 FTIR ANALYSIS OF CURING DEGREE OF PRIMER UV0, INTEGRAL INTENSITY FOR PEAK AROUND 810 CM-1 AND 1408 CM-1 

DIVIDED WITH INTEGRAL INTENSITY OF CARBONYL PEAK AROUND 1740 CM-1. 
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Throughout the study UV0 was used as the primer. The curing degree of UV0 can affect the intercoat adhesion. 

The dose was set constant based on measurements conducted with FTIR. From the FTIR analysis it could be 

seen that most of the curing occurred within the first 100 mJ/cm2 but that there was still significant curing up 

to approximately 400 mJ/cm2, seen in Figure 19. A dose for the study was chosen to be approximately 436 

mJ/cm2, as most acrylic groups have reacted but not all which enables the possibility for covalent bonding 

between primer and topcoat. 

 4.2 ULTRASONIC BATH 
No results could be extracted from the ultrasonic bath test. The films curled up after short exposure to the 

soundwave. No sign of intercoat separation could be seen. The temperature of the ultrasonic bath was 

increased, and a continued experiment would likely be affected by the temperature to a high degree.  

4.3 ULTRASONIC ECHO 
The difference in amplitude of the echo waves was not great enough to draw any conclusions and thus the 

method could not be used.  

4.4 PULL-OFF 

4.4.1 PULL-OFF PRE-STUDY 
TABLE 12 PULL-OFF VALUES OF WATERBASED COATINGS, ICF=INTERCOAT FAILURE, PSF=PRIMER-SUBSTRATE FAILURE 

Coating Adhesion [psi] Visual 
appearance 

Adhesion [psi] Visual 
appearance 

WBUVD3 547 2/3 ICF, 1/3 
PSF 

466 1/4 ICF, 3/4 PSF 

WBUVS4 394 PSF 490 PSF 
WBUVS5 573 PSF 499 PSF 
WBUVD6 602 2/3 ICF, 1/3 

PSF 
493 1/3 ICF, 2/3 PSF 

WBUVS7 490 1/2 ICF, 1/2 
PSF, topcoat 
removed 
from other 
part of panel 
when pulled. 

374 1/2 ICF, 1/2 
PSF, topcoat 
removed from 
other part of 
panel when 
pulled 

WBUVS8 500 PSF 396 PSF 
WB9 285 ICF 448 ICF 
WB10 295 ICF 368 ICF 
Intercoat adhesion failure could be seen for WBUVD3, WBUVD6, WBUVS7, WB9 and WB10.  

Waterbased (WB) and waterbased UV curable coatings (WBUV) were applied with a spray gun onto UV0 and 

the intercoat adhesion was measured with the pull-off method, seen in Table 12. These results can only be 

viewed as indications due to that the coating was not cut around the dolly before measurement, as seen in 

Figure 21 and Figure 20. The results most likely contain the force from elasticity of the coating and various 

areas. Only on panel 4, first value, was the coating cut down to the substrate. 

In Table 12 one can see that WB9 and WB10 had poor intercoat adhesion compared to waterbased UV curing 

(WBUV) topcoats. The measured pressures suggest that WB9 has a stronger intercoat adhesion than WB10 but 

due to large standard deviation such conclusions might be erroneous. The reason why UV curing waterbased 

coatings have higher intercoat adhesion than waterbased coatings could be explained by that the UV curing 

coatings can form covalent boding to the primer during curing.   
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WBUVD3, WBUVD 6 and WBUVS7 have mixed failure zones where separation both occurred at the substrate-

primer interphase and the primer-topcoat interphase. Results suggests that the two interfaces have similar 

strength and that local defects contribute to where crack formation occurs. These three topcoats all contain 

the same binder, Bayhydrol 2282, indicating that this binder 

has poor intercoat adhesion properties. No explanation to 

why this binder has less favorable adhesion properties has 

been found. 

WBUVS4, WBUVS5 and WBUVS8 have failure at the 

interphase between substrate and primer. Because the 

failure is at the substrate interphase it is implied that the 

intercoat adhesion is greater than this pressure. 

 

 

 

4.4.2 PULL-OFF MAIN STUDY PART 1 
TABLE 13 PULL-OFF FROM OAK PANELS OF UV CURING COATINGS, ICF=INTERCOAT FAILURE, PSF=PRIMER-SUBSTRATE FAILURE 

Panel number Top coat [MPa] Comment 

0.1 - 1.8 PSF 
0.2 - 1.9 PSF 
0.3 - 1.2 PSF 
4.1 1 1.4 PSF 
4.2 1 1.7 PSF 
4.3 1 2.0 PSF 
5.1 2 1.7 PSF 
5.2 2 2.0 PSF 
5.3 2 1.4 PSF 
6.1 3 1.8 PSF 
6.2 3 1.5 PSF 
6.3 3 1.4 PSF 
7.1 4 1.4 PSF 
7.2 4 1.8 PSF 
7.3 4 1.8 PSF 
8.1 5 1.4 PSF 
8.2 5 2.0 PSF 
8.3 5 1.8 PSF 
9.1 6 1.2 ICF 
9.2 6 0.8 ICF 
9.3 6 1.2 Mostly PSF, small area ICF 
10.1 10 2.1 PSF 
10.2 10 1.4 PSF 
10.3 10 1.4 PSF 
11.1 11 1.6 PSF 
11.2 11 1.8 PSF 
11.3 11 1.7 PSF 
12.1 12 1.7 PSF 
12.2 12 2.0 PSF 
12.3 12 2.4 4/5  PSF, 1/5 ICF 
Intercoat adhesion failure could be seen for UV6, and for one measurement on UV12. 

FIGURE 21 NO CUTTING AROUND 

DOLLY RESULTING IN LARGE PIECE 

OF COATING REMOVED 

FIGURE 20 CUT AND NO CUT 

AROUND DOLLY 
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TABLE 14 PULL-OFF FROM FILMED GLUED TO Q-PANELS OF UV CURING COATINGS, ICF=INTERCOAT FAILURE, PGF=PRIMER-GLUE 

FAILURE 

Panel number Top coat [MPa] Comment 

0.1 - 1.8 PGF 
0.2 - 1.8 PGF 
0.3 - 2.2 PGF 
4.1 1 1.0 ICF, small patches PGF 
4.2 1 1.0 ICF, small patches PGF 
4.3 1 1.0 ICF, small patches PGF 
8.1 2 0.6 ICF 
8.2 2 0.6 ICF 
8.3 2 0.8 ICF 
9.1 3 1.4 PGF 
9.2 3 1.4 PGF 
9.3 3 1.4 PGF 
11.1 4 2.2 PGF 
11.2 4 1.6 PGF 
11.3 4 1.8 PGF 
13.1 5 1.8 PGF 
13.2 5 2.5 PGF 
13.3 5 2.0 PGF 
15.1 6 1.8 PGF 
15.2 6 2.4 PGF 
15.3 6 2.1 PGF 
18.1 10 0.8 ICF 
18.2 10 0.8 ICF 
18.3 10 0.8 ICF, small patch PGF 
19.1 11 1.8 PGF 
19.2 11 1.8 PGF 
19.3 11 1.8 PGF 
21.1 12 2.1 PGF 
21.2 12 2.2 PGF 
21.3 12 2.0 PGF 
 

4.4.3 CHEMICAL BACKBONE OF BINDER 

Three different types of binders were used to see if the chemical properties of the polymeric resin backbone 

influence intercoat adhesion. One polyester, one polyurethane and one Bisphenol A epoxy resin. The resins 

have large differences in viscosity and pH, seen in Figure 25 and Figure 26. All formulations had an intercoat 

adhesion too strong to obtain comparable values from the pull-off method, seen in Table 13 and Table 14. 

Some samples broke partially in the intercoat interphase and these are assumed to have lower adhesion than 

other formulations. This must not be an accurate assumption as there might be local defects resulting in locally 

weakened intercoat adhesion. Coatings which showed intercoat failure where not the same on oak panels as 

on metal panels. This strengthens the theory of the failure being due to local defects. On oak panels intercoat 

adhesion failure was seen on UV6 and UV12. On metal panels intercoat adhesion was seen for UV1, UV2 and 

UV10. UV1 and UV2 contain a polyester resin, UV 6 contains the bisphenol A epoxy resin and UV10 and UV12 

contain the polyurethane resin. No correlation between intercoat adhesion and type of binder can be 

concluded from these results.  

4.4.4 FUNCTIONALITY 

Three different monomers were used in the formulations as diluents, one monofunctional, one difunctional 

and one tetrafunctional. The functionality in this study is a measure of the number of acrylic functional groups 

per molecule and thus correspond the number of sites which can react during curing. It is likely that local 
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defects created the intercoat failure which can be seen in the pull-off measurements in Table 13 and Table 14. 

UV1 and UV10 contain the monofunctional monomer, UV2 contain the difunctional monomer and UV6 and 

UV12 contain the tetra functional monomer. No correlation between functionality and intercoat adhesion can 

be concluded from these results.  

PULL-OFF MAIN STUDY PART 2 
TABLE 15 PULL-OFF FROM OAK PANELS OF UV CURING COATINGS WITH SEALER BETWEEN PRIMER AND OAK, ICF=INTERCOAT FAILURE, 

PSF=PRIMER-SUBSTRATE FAILURE, COF=COHESIVE FAILURE IN OAK 

Panel number Top coat Pull off  

20 UVMtB32 3.0 COF 
20 UVMtB32 4.6 COF 
20 UVMtB32 4.6 COF 
17 UVMtB31 4.2 PSF 
17 UVMtB31 4.0 PSF 
17 UVMtB31 3.4 PSF 
23 UVMtB33 4.2 PSF 
23 UVMtB33 3.5 PSF 
23 UVMtB33 3.8 Slight ICF 
27 UV2 4.2 PSF 
27 UV2 6.0 PSF 
27 UV2 4.4 PSF 
3 UVA22 5.4 PSF 
3 UVA22 4.0 PSF 
3 UVA22 4.8 COF 
6 UVA24 4.4 PSF 
6 UVA24 5.5 PSF 
6 UVA24 4.6 COF 
35 UVF26 5.2 ¼ ICF, ¾ PSF 
35 UVF26 5.0 ½ ICF, ½ PSF 
35 UVF26 4.2 ICF 
30 UVF25 3.6 1/8 ICF, 7/8 PSF 
30 UVF25 4.6 7/8 ICF, 1/8 PSF 
30 UVF25 4.6 ICF 
9 UVA23 5.0 COF 
9 UVA23 3.8 PSF 
9 UVA23 3.2 PSF 
13 UVA21 4.4 PSF 
13 UVA21 4.6 PSF 
13 UVA21 4.6 PSF 
39 UVF27 Double dose 1.0 ICF 
39 UVF27 Double dose 1.0 ICF 
39 UVF27 Double dose 1.0 ICF 
38 UVF27 1.3 ICF 
38 UVF27 1.3 ICF 
38 UVF27 1.2 ICF 
36 UVF27 1.0 ICF 
36 UVF27 1.2 ICF 
36 UVF27 1.0 ICF 
41 UVF27 Double dose 1.3 ICF 
41 UVF27 Double dose 1.0 ICF 
41 UVF27 Double dose 1.1 ICF 
Intercoat adhesion failure could be seen for UVF25, UVF26 and UVF27. Partly intercoat adhesion failure for one 

measurement of UVMtB33. 
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TABLE 16 EXTENDED INFORMATION FOR FILLER STUDY ON OAK PANELS 

Coating Mean pull-off 
[Mpa] 

Standard 
deviation 

Thickness [g/m2] Thicknes
s [um] 

Dose 
[mJ/cm2
] 

UVF25 4.27 0.471 29.75 24.17 428 

UVF26 4.8 0.432 31.5 25.51 428 

UVF27 1.07 0.094 28.25 22.23 428 

UVF27 1.27 0.047 34 26.75 428 

UVF27 Double 
dose 

1.13 0.125 28.25 22.23 856 

UVF27 Double 
dose 

1 0 33.5 26.36 856 

TABLE 17 PULL-OFF MEASUREMENT FROM GLUED Q-PANELS FOR FILLER, TIO2-PIGMENT AND MONOMER TO BINDER RATIO STUDIES, 

ICF=INTERCOAT FAILURE, PSF=PRIMER-SUBSTRATE 

Name Force [MPa] Break 

UV2 1.4 PSF 
UV2 1.5 PSF 
UV2 2.4 PSF 
UV31 1.4 PSF 
UV31 2.0 PSF 
UV31 1.4 PSF 
UV32 1.4 PSF 
UV32 1.6 PSF 
UV32 1.4 PSF 
UV33 1.3 ICF 
UV33 1.3 ICF 
UV33 0.9 ICF 
UV22 1.6 PSF 
UV22 1.8 PSF 
UV22 1.2 PSF 
UV23 2.3 PSF 
UV23 1.9 PSF 
UV23 1.6 PSF 
UV21 2.2 PSF 
UV21 1.6 PSF 
UV21 1.5 PSF 
UV24 1.1 PSF 
UV24 2.0 PSF 
UV24 1.8 PSF 
UV26 2.2 PSF 
UV26 1.4 PSF 
UV26 1.8 PSF 
UV25 1.8 PSF 
UV25 2.3 PSF 
UV25 1.2 PSF 
UVF27 20 um 1.2 ICF 
UVF27 20 um 1.0 ICF 
UVF27 20 um 1.8 ICF 
UVF27 40 um 0.4 ICF 
UVF27 40 um 0.3 ICF 
UVF27 40 um 0.2 ICF 
UVF27 60 um 0.4 - 
UVF27 60 um 0.2 - 
UVF27 60 um 0.1 - 
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UVF27 100 um 0 - 
UVF27 100 um 0 - 
UVF27 100 um 0 - 
UVF27 100 um double 
dose 

0 - 

UVF27 100 um double 
dose 

0 - 

UVF27 100 um double 
dose 

0 - 

Intercoat adhesion failure could be seen for UVMtB33 and UVF27. 

4.4.5 WETTING AGENTS 

Two wetting and dispersing agents were tested, one conventional as a salt exhibiting electrostatic repulsion, in 

UVA24, and one polymeric which exhibits steric hindrance, in UVA23. Both UVA23 and UVA24 exhibited greater 

intercoat adhesion to UV0 than the adhesion between sealer and the substrate. Pieces of the oak were 

separated, indicating that the intercoat adhesion is stronger than the cohesive forces within the oak, seen in 

Figure 18. There are no significant differences in viscosity and density compared to the reference UV2, seen in 

Figure 25 and Figure 26. There is however a decrease in pH, largest for UVA23, seen in Figure 27. The additive 

in UVA23, ANTI-TERRA-U 80, contains acidic polyester and has an acid value of 40 mg KOH/mg which explains 

the decrease in pH.  

Both UVA23 and UVA24 show less shrinkage than the reference UV2, seen in Figure 29. One suggestion the 

decrease in shrinkage could be that these polymers also separates molecules with reactive sites to that less or 

different crosslinking occurs. 

There is no indication that addition of wetting and dispersive agents to a UV coating formulation would 

decrease the intercoat adhesion to UV0. 

4.4.6 DEFOAMERS 

Two defoamers were studied; a silicone and naphtha petroleum based added in UVA21, and an alcohol based 

added in UVA22. The intercoat adhesion between these and UV0 are greater than the failure threshold of the 

adhesion to the substrate and cohesive forces within the oak substrate. They show no significant differences in 

viscosity and density compared to the reference UV2, seen in Figure 25 and Figure 26. There is a decrease in pH 

for both defoamer formulations, with a larger decrease for UVA21, seen in Figure 27. 

There is a slight increase in deflection, indicating more shrinkage in the film upon curing, seen in Figure 29. The 

differences are within the error bars, so this result is not conclusive. Shrinkage over time after curing seem to 

be less for UVA22 compared to UV2 and UVA21, indicating a more stable film. The additive BYK-LP D 23300 

which is in the UVA22 formulation contains mainly two different alcohols. Thus, alcohol could decrease 

shrinkage after curing of the film. Further tests would need to be conducted to conclude this hypothesis. 

4.4.7 FILLERS AND PIGMENTS 

One hydrous magnesium silicate (talc)-, one calcium carbonate- and one TiO2 powder were added to UVF25, 

UVF26 and UVF27, respectively. UVF25 and UVF26 had mixed failure with the pull-off method, partly intercoat 

adhesion failure and partly primer to substrate failure, seen in Table 15, Table 16 and Table 17. The values 

extracted were thus not exclusively the energy of intercoat adhesion but gave an indication of the strength.  

All UVF27 had pure intercoat failure with the pull-off method. A higher dose [mJ/cm2] did not influence the 

intercoat adhesion. It was possible to see with the naked eye that UVF27 was not fully cured. Wrinkles were 

visible where the coating was thicker due to that the cured coating shrinks and glides on top of the non-cured 

coating, seen in Figure 23 and Fel! Hittar inte referenskälla..  
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The intercoat adhesion decreases with increased thickness.  

For film a film thickness at or above 60 μm it was not 

possible to measure the pull-off force of films glued to 

metal, seen in Table 17. A thinner film could possibly be 

more cured at the interphase compared to a thicker coating 

film where the TiO2 pigments could hinder the UV light to 

reach through the film through absorption and scattering. 

A higher degree of curing could lead to more covalent 

bonds between primer and topcoat. Insufficient curing at 

depth removes the possibility of covalent bonding between 

the primer and top coat. 

Because curing was clear to be an issue for UVF27 is was of 

interest to investigate the degree of curing underneath the 

topcoat with various thicknesses and doses. This was 

measured with FTIR ATR and the results are presented in 

Appendix IX. UVF25, UVF26 and UF27 all showed indications 

of lower intercoat adhesion compared to the reference UV2. 

UVF25, UVF26 and UVF27 was applied in various thicknesses 

and cured with different doses to see the influence of dose 

and thickness to curing on the bottom of the coating. The 

coatings were removed from glass panels and analyzed 

underneath. The results show no indication that curing was 

insufficient at higher doses, not even for UVF27 were one 

could observe the lack of curing with the naked eye. At 50 

mJ/cm2 the thinner coatings appear to have more acrylate 

remaining, indicating that thinner coating layers cure less at 

small doses at depth. This can be explained with oxygen 

inhibition. 

The viscosity is increased for UVF25, UVF26 and UVF27 compared to UV2, seen in Figure 25. Especially UVF25 

have an increased viscosity, almost double to the reference. The pH significantly increased for all three samples, 

seen in Figure 27. The increase is approximately 5 pH units, and almost 6 pH units for UVF26. The fillers and 

pigment are basic and thus the increase is not surprising. The deflection is increased for UVF25 and decreased 

for UVF26, seen in Figure 29. The values of deflection for UVF27 cannot be compared as there was insufficient 

curing.  

4.4.8 MONOMER TO BINDER RATIO 

Adhesion is believed to be related to diffusion and diffusion into the primer should 

be more significant for smaller molecules, such as the monomers. Therefore, a test 

with various monomer to binder ratios were performed. If diffusion is important to 

intercoat adhesion, it could be tested by varying temperature; this was not done but 

could be done in future studies. The monomer to binder ratio variation can also give 

an indication to if the number of functional groups per volume influences intercoat 

adhesion, which in turs is related to the shrinkage of the film. 

Pull-off measurements on oak panels, Table 15, showed no differences except for 

one measurement with UVMtB33, which has a ratio of 1:7 monomer to binder and is 

thus the thickest of the UVMtB coatings, seen in Figure 24. Pull-off measurements 

on coatings glued to metal showed an intercoat failure for UVMt33, seen in Table 17. 

FIGURE 22 PULL OFF UVF27 FROM METAL PANELS 

FIGURE 23 PULL-OFF UVF27 FROM OAK PANELS 

FIGURE 24 PULL OF UVMTB33 FROM 

METAL PANEL 
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The slight breakage on an oak panel was at 3.8 MPa and the mean energy from those on metal was 1.2 ± 0.3 

MPa. This could be due to large differences in thickness of the coatings; the topcoat on the oak panel was 20.1 

μm and on the metal panel 100 μm. If the thickness is the main reason for the intercoat adhesion difference, 

then this would indicate that a thicker coating has a lower adhesion. This could be due to insufficient curing at 

depth in thicker coatings, or due to a change in flowing properties into the structure of the primer.  

The viscosity between UVMtB31, UVMtB32 and UVMtB33 is significantly different, where UVMtB33 has the 

highest viscosity, seen in Figure 25. The density increases slightly with a lower monomer to binder ratio and the 

pH decreases slightly with a lower monomer to binder ratio, seen in Figure 26 and Figure 27. Neither density 

nor pH deviates to any significant degree from the reference UV2. The deflection is increased with higher 

monomer to binder ratio, seen in Figure 29. UVMtB31 has a larger average deflection than UV2, while 

UVMtB33has a significantly decreased deflection compared to UV2. There are more molecules of monomers 

per weight unit that that of binders due to the higher molecular weight of the resin. A larger number of 

monomers will therefore increase the total concentration of functional groups in the formulation. This 

decrease in number of functional groups per volume could be the reason why a lower intercoat adhesion is 

observed for the coating with a large ratio of binder. This strengthens the theory that covalent bonding 

between topcoat and primer is essential for a high intercoat adhesion. 

4.4.9 SEALER 
TABLE 18 COMPARISON BETWEEN UV2 PULL-OFF AVERAGE VALUE WITH AND WITHOUT SEALER BETWEEN OAK AND PRIMER 

Coating Panel type Mean pull-
off [Mpa] 

Standard 
deviation 

Thickness 
[g/m2] 

Thickness 
[um] 

Dose 
[mJ/cm2] 

UV2 Oak 1.7 1.2 14.9 13.3 428 
UV2 Oak with 

sealer 
4.9 0.8 31.3 27.9 428 

 

The first pull-off measurements had failure between the oak panels and the primer, seen in Table 13. It was 

concluded that the adhesion between substrate and primer needed to be improved and a waterbased UV 

curing sealer was thus used. The sealer is a product of Sherwin-Williams AB. Average pull-off energy between 

oak and UV2 was 1.7 MPa, compared to the average pull-off energy when a sealer was used between oak and 

UV2 which was approximately 4.9 MPa as seen in Table 18. The adhesion between the primer UV0 and oak 

substrates increased significantly with the use of the water-based UV curing sealer UC600. The waterbased UV 

sealer interacts favorably with the oak and can form bonds with UV0. It is likely that some water from the 

sealer diffuses into the oak due to the concentration gradient which changes the structure of the oak. [84] 
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4.5 VISCOSITY 

 

FIGURE 25 VISCOSITY OF UV CURING COATINGS IN MAIN STUDY 

The viscosity seen in Figure 25 show that coatings containing Ebecryl 892, the primer and the coatings with 

lower monomer to binder ratio have increased viscosity. Of the coatings with high viscosity; UV6, UV12 and 

UVMtB33 showed tendencies to intercoat failure in the pull-off tests but UV3 did not, seen in Table 13, Table 

15 and Table 17. Increased viscosity could decrease intercoat adhesion but the results are inconsistent. 

4.6 DENSITY 

 

FIGURE 26 DENSITY OF UV CURING COATINGS IN MAIN STUDY 
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The density seen in Figure 26 is higher for those formulations containing the tetra-functional monomer, those 

with filler or pigment and increases with decreased monomer to binder ratio. One could observe intercoat 

failure with the pull-off method for UV6 and UV12 but not UV3, seen in Table 13 and Table 14. All UVF 

formulations and UVMtB33 had intercoat failure, seen in Table 15 and Table 17. One can thus not exclude the 

possibility that density influences intercoat adhesion. The factors influencing density; such as particles with 

interacts with light and number of functional groups, could be the ones creating this trend.  

4.7 PH 

 

FIGURE 27 PH OF UV CURING COATINGS IN MAIN STUDY 

The pH varies between the coatings seen in Figure 27. The polyester resin used in UV1-3 and part 2 of the main 

study formulations is acidic and thus all have low pH. The pH decreases with monomers of higher functionality 

for the samples in this study. There is no observable link between the pH and the intercoat adhesion.  
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4.8 SHRINKAGE 

 

FIGURE 28 DEFLECTION OF FORMULATIONS WITH DIFFERENT BINDERS AND MONOMERS 

 

FIGURE 29 DEFLECTION OF FORMULATIONS WITH ADDITIVE, FILLERS, TIO2 PIGMENT OR DIFFERENT MONOMER TO BINDER RATIO 

The stresses formed by shrinkage were measured by determining the deflection of thin coated substrates, with 

the deflection method. A large deflection correlates to a large shrinkage. The results are presented in Figure 28 

and Figure 29. The results for UVF27 are not valid as the coating did not cure sufficiently. 

The cure shrinkage depends on the amount of crosslinking per unit volume; hence a higher functionality per 

volume should give rise to more shrinkage. It was believed that greater shrinkage should decrease intercoat 

adhesion as it works as an opposite force by creating tension in the film. This hypothesis cannot be supported 

with the measurements conducted in this study. No relation between shrinkage and intercoat failure with the 

pull-off method can be observed. The deflection does increase with increased functionality of the monomer 

and is higher for the bisphenol A-epoxy resin and highest for the polyurethane resin. A higher amount of 
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monomer to binder increases the deflection. A higher amount of monomer or higher functionality of the 

monomer both causes an increase in the number of reactive sites in the formulation. This means that more 

covalent bonds can be formed during curing. It is a shorter distance between atoms in covalent bonds 

compared to van deer Waals bonding. UVA23 has a small deflection and UVA24 have a slightly smaller 

deflection that the reference UV20 (UV2).  These are both wetting agents and it is possible that wetting agents 

to some extent decrease shrinkage. A noticeable difference is the small deflection of the coatings based on the 

polyester resin compared to other resins. The reason is not known.  

4.9 SURFACE ENERGY AND TENSION 

 
FIGURE 30 SURFACE ENERGY OF CURED COATINGS 
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FIGURE 31 SURFACE TENSION OF LIQUID COATINGS 

 
FIGURE 32 SURFACE TENSION OF LIQUID COATING SUBTRACTED FROM SURFACE ENERGY OF CURED COATING, POLAR AND DISPERSE 

PARTS SEPARATED 

Measurements, providing results seen in Figure 30, Figure 31 and Figure 32, was conducted in Tournus. 

Standard deviations from the measurement were not provided. 
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The surface energy and surface tension of the coatings was measured as it is known that the surface energy of 

the primer needs to be higher than the surface tension of the topcoat to have good wetting properties. Both 

disperse, and polar parts of the surface energy and tension were measured as a higher surface polarity was 

believed to correlate to higher intercoat adhesion. Polar properties come from polarizable groups in the 

coating which could form polar bonds such as hydrogen bonds, while dispersive forces will only come from van 

deer Waals forces which is a weaker force. Surface energy of UV0 43.9 mN/m, all surface tensions of liquid 

varnishes are less than that so wetting should not be an issue. All liquid coatings have similar surface tension 

and it is not likely that it gives rise to differences in wetting the UV0. Differences in polarization between the 

coatings are not great and no correlation between polarizability and intercoat adhesion can be seen.  

Liquid UV2 have 0 % surface polarity which is unexpected as UV1 and UV3 which have the same binder, and 

UV5 and UV11 which have the same monomer all have surface polarities above 20 %. It is possible that there 

was an error in the measurement or the analysis of data. Solid UV2 has a surface polarity in the same range as 

other solid coatings which suggest that the surface tension measurement of liquid UV2 might be erroneous.   
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5. CONCLUSION 
The aim of the study was to analyze intercoat adhesion between a constant primer and various topcoats. A pre-

study was conducted to follow up on a previous master thesis performed at Sherwin-Williams AB Märsta with 

waterbased and waterbased UV-curing coatings. The main study focused on UV-curing systems, containing a 

binder, a monomer, two photoinitiators and pigment. Three binders with different chemical backbone and 

three monomers with different number of acrylate functional groups per molecule (functionality) created the 

first nine samples. One of these samples was chosen as a base to analyze the influence of two wetting agents, 

two defoamers, one talc powder, one calcium carbonate powder and titanium dioxide powder, creating seven 

additional samples. The same binder and monomer was used to create three samples with different monomer 

to binder ratio, all other parameters were kept constant. Properties of the coatings included in the main study 

which have been compared to intercoat adhesion are the chemical backbone of the binder, functionality of the 

monomer, shrinkage upon curing, presence of additives such as wetting agents, defoamers, fillers and pigment, 

viscosity, density, pH, surface energy, surface tension and curing degree at depth. Methods to study the 

intercoat adhesion were the pull-off method, ultrasonic echo and ultrasonic bath. Ultrasonic echo and bath was 

not successful in measuring intercoat adhesion. The majority of the pull-off measurements broke between 

primer and substrate and thus no value for intercoat adhesion could be obtained. A new method of analysis is 

needed to truly study the phenomena’s underlying intercoat adhesion. A waterbased UV curing sealer was 

used between oak panels and the primer which increased the intercoat adhesion from an average of 1.7 to 4.9 

MPa. Coatings containing the same binder, Bayhydrol 2282, had poor intercoat adhesion to the primer. 

Waterbased coatings had lower intercoat adhesion to the primer, most likely due to lack of covalent bond 

formation. No correlation between intercoat adhesion and chemical backbone of the binder, functionality of 

the monomer, presence of wetting agents or defoamers, viscosity, pH, shrinkage, surface energy, surface 

tension or surface polarity could be identified. The addition of talc and calcium carbonate showed a decrease in 

intercoat adhesion. The reason behind this indication is not known and need further investigation. The 

intercoat adhesion decreased significantly with the addition of titanium dioxide pigment, this is believed to be 

due to insufficient curing in the depth of the film. Above 40 μm the topcoat with TiO2 formed visible wrinkles. 

FTIR ATR analysis was performed on the coatings containing talc, calcium carbonate, titanium dioxide and their 

reference without any powder addition. The analysis was performed underneath the film to study the curing at 

depth. The results showed no indication that curing would be insufficient for any samples. It could be 

concluded that FTIR ATR is not an appropriate measurement technique for qualitative curing degree analysis as 

it could be seen with the naked eye that the curing was incomplete for some samples, but it could not be 

observed in the FTIR results. The results from FTIR did indicate the presence of oxygen inhibition as one could 

observe a higher integral intensity correlating to acrylate functional groups for thinner coating thicknesses at a 

low energy dose. This difference is not observable at elevated doses. The coatings with talc, calcium carbonate 

and titanium dioxide had higher density than the other coatings and it cannot be excluded that density has a 

correlation with intercoat adhesion. The coating containing seven times more binder than monomer showed 

tendencies to lowered intercoat adhesion. This indicates that a lower monomer to binder ratio decreases 

intercoat adhesion. An explanation is the number of acrylate functional groups per volume increases with 

increased ratio of monomers. The increase in acrylate functional groups per volume would increase crosslinking 

density within the cured coating and number of bonds to the primer. Increased acrylate functional groups per 

volume can be observed to increase shrinkage. There were indications that the addition of wetting agents 

decreased shrinkage upon curing. The surface energy of the cured primer was greater that the surface tension 

of the liquid topcoats and no wetting problems could be observed, thus it could not be excluded that a lower 

surface energy of the primer than the surface tension of the liquid topcoat could influence the wetting 

properties and decrease intercoat adhesion.  
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APPENDIX 

I - VISCOSITY 
TABLE 19 VISCOSITY OF UV CURING COATINGS IN MAIN STUDY 

Sample Viscosity [cP] Size of rotor Speed [RPM] Percentage [%] Temperature 
[C] 

UV0 4290 6 100 42.9 23 
UV1 290 3 100 29.1 23 
UV2 322 3 100 32.2 23 
UV3 3460 6 100 42.9 23 
UV4 506 3 100 50.6 23 
UV5 516 3 100 51.6 23 
UV6 ~5500 6 100 ~55.0 23 
UV10 234 3 100 23.4 23 
UV11 238 3 100 23.8 23 
UV12 2044 5 100 34.6 23 
UVA21 312 3 100 31.2 23 
UVA22 306 3 100 30.6 23 
UVA23 324 3 100 32.4 23 
UVA25 315 3 100 32.4 23 
UVF25 565 3 100 56.5 23 
UVF26 409 3 100 40.9 23 
UVF27 387 3 100 387 23 
UVMtB31 176 3 100 17.6 23 
UVMtB32 1564 5 100 39.1 23 
UVMtB33 8200 7 100 20.5 23 
 

II - DENSITY 
TABLE 20 DENSITY OF UV CURING COATINGS IN MAIN STUDY 

Sample Density [g/ml] 

UV0 1.281 

UV1 1.136 

UV2 1.122 

UV3 1.18 

UV4 1.125 

UV5 1.114 

UV6 1.172 

UV10 1.123 

UV11 1.101 

UV12 1.163 

UVA21 1.117 

UVA22 1.124 

UVA23 1.12 

UVA24 1.119 

UVF25 1.231 

UVF26 1.235 

UVF27 1.271 

UVMtB31 1.104 

UVMtB32 1.156 

UVMtB33 1.183 
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III - PH 
TABLE 21 PH OF UV CURING COATINGS IN MAIN STUDY 

Sample pH 

UV0 6.30 
UV1 -1.20 
UV2 -2.25 
UV3 -2.50 
UV4 7.70 
UV5 6.56 
UV6 4.68 
UV10 4.02 
UV11 3.40 
UV12 2.61 
UVA21 -3.22 
UVA22 -2.80 
UVA23 -3.24 
UVA25 -2.70 
UVF25 2.37 
UVF26 3.50 
UVF27 2.20 
UVMtB31 -2.35 
UVMtB32 -2.54 
UVMtB33 -2.61 
 

IV - SURFACE ENERGY 
TABLE 22 SURFACE ENERGY OF CURED COATINGS 

 

UV coatings Surface 
tension 
(mN/m) 

Polar 
component 
(mN/m) 

Dispersive 
component 
(mN/m) 

Surface 
polarity 
(%) 

UV0 solid 
43.9 6.8 37  15 

UV1 solid 42.6 12.2 30.4 29 

UV2 solid 45.4 15.2 30.2 33 

UV3 solid 
46.8 16.5 30.3 35 

UV4 solid 
44.8 13.3 31.5 30 

UV5 solid 
35.6 6.1 29.5 17 

UV6 solid 
55.1 28.4 26.7 52 

UV10 solid 
50.7 19.9 30.8 39 

UV11 solid 
49.9 18.9 31 38 

UV12 solid 
51.8 21.7 30.1 42 
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V - SURFACE TENSION 
TABLE 23 SURFACE TENSION OF LIQUID COATINGS 

Liquid Varnish Surface 
tension 
(mN/m) 

Contact 
angle with 
Teflon 
(Degree) 

Polar 
component     
(mN/m)  

Dispersive 
component 
(mN/m) 

Surface  
polarity  
(%) 

UV0 liquid 
35.5 73 9.2 26.3 26 

UV1 liquid 39.5 85 16.4 23.1 42 

UV2 liquid 36.7 61 0 36.7 0 

UV3 liquid 
40.5 83 14.7 25.8 36 

UV4 liquid 
40.6 82 13.7 26.7 34 

UV5 liquid 
37.8 76 10.3 27.5 27 

UV6 liquid 
41.6 77 9.1 32.5 22 

UV10 liquid 
38.6 80 12.9 25.7 33 

UV11 liquid 
36.7 73 8.6 28.1 23 

UV12 liquid 
39.6 72 6.0 33.6 15 

 

 

VI – COATING THICKNESS 

ROLLER APPLICATION 
TABLE 24 AMOUNT OF COATING ADDED TO OAK PANELS WITH ROLLER, PANELS 40X20 CM2 

Panel number Amount added primer [g] Top coat Amount added top 
coat [g] 

2 6.56 - - 
3 6.21 - - 
4 5.98 1 1.12 
5 5.90 2 1.19 
6 5.87 3 - 
7 5.84 4 1.19 
8 5.79 5 1.19 
9 5.97 6 1.25 
10 5.82 10 1.01 
11 5.96 11 1.16 
12 5.78 12 1.23 
13 5.81 - - 
14 5.93 - - 
15 5.81   
 

TABLE 25 AMOUNT OF COATING ADDED TO TEFLON PANELS WITH ROLLER 

Panel number Amount added primer [g] Top coat Amount added top 
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coat [g] 

1 2.98 -  
2 3.69 1 0.77 
3 3.73 -  
4 4.58 1 0.78 
5 3.63 3 0.57 
6 3.55 -  
7 3.91 2 0.85 
8 3.71 3 1.35 
9 3.70 2 0.79 
10 3.74 3 1.38 
11 3.56 4 0.78 
12 3.79 4 0.79 
13 3.43 5 0.82 
14 3.52 5 0.77 
15 3.41 6 1.12 
16 3.45 6 0.89 
17 3.38 10 0.67 
18 3.66 10 0.72 
19 3.59 11 0.76 
20 3.55 11 0.75 
21 3.46 12 0.78 
22 3.72 - - 
23 3.37 12 0.79 
 

Panel number Coating Weight 

1 UVA22 1.45 
2 UVA22 1.45 
3 UVA22 1.23 
4 UVA24 1.12 
5 UVA24 1.11 
6 UVA24 1.18 
7 UVA23 1.31 
8 UVA23 1.25 
9 UVA23 1.20 
10 UVA21 1.05 
11 UVA21 0.96 
12 UVA21 1.06 
13 UVA21 1.11 
14 UVMtB31 1.71 
15 UVMtB31 0.74 
16 UVMtB31 0.82 
17 UVMtB31 0.82 
18 UVMtB32 0.85 
19 UVMtB32 0.85 
20 UVMtB32 0.88 
21 UVMtB33 0.94 
22 UVMtB33 0.94 
23 UVMtB33 0.95 
24 UVMtB33 0.63 
25 UV2 1.08 
26 UV2 1.32 
27 UV2 1.25 
28 UVF25 1.53 
29 UVF25 1.38 
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30 UVF25 1.19 
31 UVF25 1.12 
32 UVF26 1.47 
33 UVF26 1.45 
34 UVF26 1.29 
35 UVF26 1.26 
36 UVF27 1.13 
37 UVF27 1.37 
38 UVF27 1.36 
39 UVF27 Double dose 1.34 
40 UVF27 Double dose - 
41 UVF27 Double dose 1.13 

SPRAY GUN APPLICATION 
TABLE 26 SPRAY APPLICATION OF WATERBASED TOPCOATS 

Panel number Binder Amount of applied 
coating [g] 

Calculated 
amount [g/cm2] 

Type of coating 

3 Bayhydrol 2282 + 
Neocryl XK205 

7.9 94 Blended WBUV 

4 Ucecoat 7733 7.5 89 Single WBUV 
5 Laromer 9005 7.6 90 Single WBUV 
6 Bayhydrol + Neocryl 

A 662 
7.6 90 Blended WBUV 

7 Bayhydrol 2282 9.1 108 Single WBUV 
8 Ucecoat 7156 7.4 88 Single WBUV 
9 EP6060 14.6 174 WB 
10 Neocryl XK205 12.6 150 WB 
 

VII – CURING DEGREE OF UV0 
TABLE 27 RESULTS FROM FTIR ANALYSIS 

Card number Dose 
[mJ/cm2] 

Laps Speed past 
lamp 
[m/min] 

Integral 
[822.1-800.5] 

Integral 
[1417.8-
1399.3] 

Integral 
[1757.4-
1692.6] 

1 50 1 44 0.222 0.308 11.293 
2 76 1 30 0.194 0.256 12.083 
3 100 2 44 0.149 0.169 12.749 
4 151 2 30 0.106 0.116 11.809 
5 200 2 23 0.076 0.075 11.257 
6 244 2 19 0.045 0.037 8.744 
7 291 2 16 0.049 0.034 11.158 
8 334 2 14 0.031 0.010 10.345 
9 391 2 12 0.019 -0.005 11.574 
10 428 2 11 0.014 -0.012 11.016 
11 471 3 15 0.018 -0.011 12.611 
12 525 3 13 0.011 -0.019 12.867 
13 591 3 12 0.008 -0.019 11.846 
14 677 3 11 0.002 -0.026 11.869 
Ref - - - 0.845 1.395 14.568 
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FIGURE 33 MATLAB CODE USED TO ANALYSE FTIR RESULTS 

 

VIII – SHRINKAGE 
TABLE 28 DEFLECTION OF UV CURING COATINGS 

Name Length [cm] Height (bend) [cm] after 
2 days 

Height (bend) [cm] 
after 17 days 

0.1 9.7 1.5 1.2 
0.2 9.6 1.3 0.7 
0.3 9.8 1.3 1.1 
1.1 9.7 -0.4 -0.4 
1.2 9.8 0 0 
1.3 9.7 -0.4 0.1 
2.1 9.7 0.7 1.1 
2.2 9.7 1.0 1.7 
2.3 9.7 1.3 2.3 
3.1 9.8 0.9 1.6 
3.2 9.8 1.0 1.7 
3.3 9.8 0.8 1.6 
4.1 9.8 1.1 1.2 
4.2 9.8 1.2 2.7 
4.3 9.7 1.1 1.8 
5.1.1 9.6 4.1 5.2 
5.2.1 9.7 3.8 4.4 
5.3.1 9.6 4.2 5.1 
5.1.2 9.7 4.0 4.6 
5.2.2 9.7 3.8 4.0 
5.3.2 9.7 4.2 4.5 
6.1 9.5 4.0 4.0 
6.2 9.6 5.0 4.7 
6.3 9.6 4.6 5.2 
10.1 9.5 2.0 3.1 
10.2 9.6 2.7 2.7 
10.3 9.5 2.1 2.7 
11.1 9.5 5.0 4.8 
11.2 9.5 5.0 6.1 
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11.3 9.7 5.2 5.8 
12.1 9.7 5.0 6.0 
12.2 9.7 4.8 6.1 
12.3 9.7 4.8 5.1 
 

The coating is not evenly spread out due to human error such as an uneven pressure and speed of the hand on 

the frame applicator. On strip 4.2 the coating is thicker on one side. 5.2.1 is uneven and 5.1.2 is broken. Clear 

defects can also be seen on 6.2 and 10.2. All strips coated with 11 and 12 are bent sideways which is believed 

to be due to uneven application of the coating. Large errors might occur.  

Name Length [cm] Height (bend) [cm] after 
2 days 

Height (bend) [cm] after 
14 days 

UV2 9.7 0.8 1.1 
UV2 9.7 1.6 2.0 
UV2 9.7 0.8 1.5 
UVMtB31 9.7 1.2 1.6 
UVMtB31 9.7 1.6 1.6 
UVMtB31 9.7 2.9 3.2 
UVMtB32 9.7 0.3 0.6 
UVMtB32 9.7 0.4 0.5 
UVMtB32 9.5 0.7 1.0 
UVMtB33 9.9 0.8 0.7 
UVMtB33 9.7 0.0 -0.3 
UVMtB33 9.7 0.5 -0.1 
UVA22 9.7 1.4 1.8 
UVA22 9.5 0.7 0.7 
UVA22 9.6 1.6 1.5 
UVA23 9.7 0.7 1.0 
UVA23 9.6 0.3 0.5 
UVA23 9.6 0.0 1.0 
UVA21 9.7 1.2 1.8 
UVA21 9.7 1.3 1.9 
UVA21 9.7 1.2 1.7 
UVA24 9.7 0.4 0.5 
UVA24 9.5 1.4 1.7 
UVA24 9.4 1.0 1.3 
UVF26 9.7 0.6 0.9 
UVF26 9.8 1.0 1.2 
UVF26 9.7 0.8 1.4 
UVF25 9.7 2.3 2.6 
UVF25 9.7 1.4 1.9 
UVF25 9.7 2.3 2.3 
UVF27 30 um 9.5 0.0 0.0 
UVF27 30 um 9.2 -0.3 0.2 
UVF27 30 um 9.6 0.7 0.7 
UVF27 60 um 9.7 0.3 0.6 
UVF27 60 um 9.5 0.4 0.8 
UVF27 60 um 9.5 0.3 0.6 
 

IX – IN DEPTH CURING OF TOPCOATS 
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FIGURE 34 CURING DEGREE AT DEPTH, COATING UV2, PEAK 1671.2-1650.5 CM-1  

 

FIGURE 35 CURING DEGREE AT DEPTH, COATING UV2, PEAK 1417.00-1399.00 CM-1  
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FIGURE 36 CURING DEGREE AT DEPTH, COATING UV2, PEAK 821.53-802.00 CM-1  

 

 

FIGURE 37 CURING DEGREE AT DEPTH, COATING UVF25, PEAK 1671.2-1650.5 CM-1  
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FIGURE 38 CURING DEGREE AT DEPTH, COATING UVF25, PEAK 1417.00-1399.00 CM-1 

 

 

FIGURE 39 CURING DEGREE AT DEPTH, COATING UVF25, PEAK 821.53-802.00 CM-1 
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FIGURE 40 CURING DEGREE AT DEPTH, COATING UVF26, PEAK 1671.2-1650.5 CM-1  

 

 

FIGURE 41 CURING DEGREE AT DEPTH, COATING UVF26, PEAK 1417.00-1399.00 CM-1  
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FIGURE 42 CURING DEGREE AT DEPTH, COATING UVF26, PEAK 821.53-802.00 CM-1  

 

 

FIGURE 43 CURING DEGREE AT DEPTH, COATING UVF27, PEAK 1671.2-1650.5 CM-1  

 

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0 100 200 300 400 500 600 700 800 900

N
o

rm
al

iz
ed

 in
te

gr
al

 a
re

a

Dose [mJ/cm2]

Curing degree at depth, coating UVF26, peak 821.53-802.00 cm-1 

20 um 821.53-802.00 cm-1

40 um 821.53-802.00 cm-1

100 um 821.53-802.00 cm-1

0

0.001

0.002

0.003

0.004

0.005

0.006

0 100 200 300 400 500 600 700 800 900

N
o

rm
al

iz
ed

 in
te

gr
al

 in
te

n
si

ty

Dose [mJ/cm2]

Curing degree at depth, coating UVF27, peak 1671.2-1650.5 cm-1 

20 um 1671.2-1650.5 cm-1

40 um 1671.2-1650.5 cm-1

100 um 1671.2-1650.5 cm-1



65 

 

 

FIGURE 44 CURING DEGREE AT DEPTH, COATING UVF27, PEAK 1417.00-1399.00 CM-1 

 

 

FIGURE 45 CURING DEGREE AT DEPTH, COATING UVF27, PEAK 821.53-802.00 CM-1 
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UV2 
Thicknes
s [um] 

Dose 
[mJ/cm2
] 

Area peak 
1822.70-
1660.60 
cm-1 

Area peak 
821.53-
802.00 
cm-1 

Area peak 
1417.00-
1399.00 
cm-1 

Area peak 821.53-
802.00 cm-1/Area 
peak 1822.70-
1660.60 cm-1 

Area peak 1417.00-
1399.00 cm-1/Area 
peak 1822.70-
1660.60 cm-1 

Liquid 0 14.013 1.351 1.246 0.096410476 0.088917434 

20 50 21.793 0.228 0.114 0.010462075 0.005231037 

20 200 26.729 0.259 0.069 0.00968985 0.002581466 

20 428 27.858 0.108 0.007 0.003876804 0.000251274 

20 855 16.932 0.104 -0.032 0.006142216 -0.001889913 

40 50 30.496 0.266 0.084 0.008722455 0.00275446 

40 200 27.058 0.198 0.025 0.007317614 0.000923941 

40 428 22.227 0.137 -0.014 0.006163675 -0.000629865 

40 855 22.602 0.149 -0.007 0.006592337 -0.000309707 

100 50 28.169 0.301 0.107 0.010685505 0.003798502 

100 200 27.629 0.205 0.026 0.00741974 0.00094104 

100 428 21.646 0.148 -0.004 0.006837291 -0.000184792 

100 855 22.976 0.167 0.006 0.007268454 0.000261142 

 

Thickness [um] Dose [mJ/cm2] Peak 1826.3-1671.2 cm-1 Peak 1667.7-1650.5 cm-1 

Liquid 0 13.791 0.034 

20 50 21.24 0.035 

20 200 25.895 0.042 

20 428 27.004 0.051 

20 855 16.22 0.03 

40 50 29.785 0.052 

40 200 26.251 0.049 

40 428 21.478 0.041 

40 855 21.846 0.049 

100 50 27.421 0.055 

100 200 26.861 0.058 

100 428 20.833 0.044 

100 855 22.269 0.058 
 

UVF25 
Thick
ness 
[um] 

Dose 
[mJ/c
m2] 

Area peak 
1777.70-
1660.60 
cm-1 

Area peak 
821.53-
802.00 cm-
1 

Area peak 
1417.00-
1399.00 
cm-1 

Area peak 821.53-
802.00 cm-1/Area 
peak 1777.70-1660.60 
cm-1 

Area peak 1417.00-
1399.00 cm-1/Area 
peak 1777.70-1660.60 
cm-1 

Liqui
d 

0 24.238 1.095 1.767 0.045176995 0.072902055 

20 50 15.828 0.315 0.491 0.01990144 0.031020975 

20 200 17.707 0.184 0.208 0.010391371 0.011746767 

20 428 12.213 0.089 0.143 0.007287317 0.011708835 

20 855 22.821 0.136 0.188 0.005959423 0.008238026 

40 50 14.37 0.184 0.301 0.012804454 0.020946416 
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40 200 23.354 0.176 0.225 0.007536182 0.009634324 

40 428 22.396 0.135 0.229 0.006027862 0.01022504 

40 855 18.155 0.107 0.205 0.005893693 0.011291655 

100 50 23.605 0.203 0.329 0.008599873 0.013937725 

100 200 25.706 0.152 0.15 0.005913016 0.005835214 

100 428 25.379 0.144 0.249 0.005673982 0.009811261 

100 855 11.079 0.068 0.183 0.006137738 0.016517736 

 

Thickness [um] Dose [mJ/cm2] Peak 1671.2-1650.5 cm-1 Peak 1767.7-1671.2 cm-1 

Liquid 0 0.111 22.854 

20 50 0.129 14.875 

20 200 0.145 21.512 

20 428 0.193 21.545 

20 855 0.205 23.376 

40 50 0.161 10.139 

40 200 0.147 22.072 

40 428 0.233 21.119 

40 855 0.214 17.093 

100 50 0.25 22.271 

100 200 0.142 24.104 

100 428 0.263 23.956 

100 855 0.258 22.386 

 

UVF26 
Thick
ness 
[um] 

Dose 
[mJ/c
m2] 

Area peak 
1777.70-
1660.60 
cm-1 

Area peak 
821.53-
802.00 cm-
1 

Area peak 
1417.00-
1399.00 
cm-1 

Area peak 821.53-
802.00 cm-1/Area 
peak 1777.70-1660.60 
cm-1 

Area peak 1417.00-
1399.00 cm-1/Area 
peak 1777.70-1660.60 
cm-1 

Liqui
d 

0 23.873 1.086 1.749 0.045490722 0.073262682 

20 50 24.876 0.342 0.408 0.013748191 0.016401351 

20 200 27.13 0.175 0.181 0.006450424 0.006671581 

20 428 21.061 0.123 0.127 0.005840179 0.006030103 

20 855 20.682 0.117 0.116 0.005657093 0.005608742 

40 50 26.645 0.261 0.288 0.009795459 0.010808782 

40 200 28.976 0.184 0.193 0.006350083 0.006660685 

40 428 27.203 0.152 0.157 0.005587619 0.005771422 

40 855 26.669 0.125 0.127 0.00468709 0.004762083 

100 50 21.047 0.187 0.209 0.008884877 0.009930156 

100 200 27.162 0.177 0.196 0.006516457 0.007215963 

100 428 28.821 0.161 0.177 0.005586205 0.006141355 

100 855 23.729 0.127 0.139 0.005352101 0.005857811 

 

Thickness [um] Dose [mJ/cm2] Peak 1667.7-1650.5 cm-1 Peak 1767.7-1671.2 cm-1 

Liquid 0 0.035 22.387 

20 50 0.062 15.161 
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20 200 0.1 26.65 

20 428 0.086 19.904 

20 855 0.07 19.538 

40 50 0.063 15.345 

40 200 0.106 27.404 

40 428 0.101 25.734 

40 855 0.093 25.231 

100 50 0.083 19.876 

100 200 0.101 25.705 

100 428 0.108 27.286 

100 855 0.092 22.45 
 

UVF27 
Thick
ness 
[um] 

Dose 
[mJ/c
m2] 

Area peak 
1777.70-
1660.60 
cm-1 

Area peak 
821.53-
802.00 cm-
1 

Area peak 
1417.00-
1399.00 
cm-1 

Area peak 821.53-
802.00 cm-1/Area 
peak 1777.70-1660.60 
cm-1 

Area peak 1417.00-
1399.00 cm-1/Area 
peak 1777.70-1660.60 
cm-1 

Liqui
d 

0 22.51 0.879 1.808 0.039049311 0.080319858 

20 50 20.585 0.455 0.939 0.022103473 0.04561574 

20 200 93.441 0.381 0.557 0.004077439 0.005960981 

20 428 98.676 0.344 0.41 0.003486157 0.004155012 

20 855 105.237 0.176 0.061 0.001672416 0.000579644 

40 50 34.41 0.685 1.39 0.019907004 0.040395234 

40 200 95.44 0.26 0.303 0.002724225 0.003174769 

40 428 98.887 0.274 0.269 0.002770839 0.002720277 

40 855 94.854 0.123 0.253 0.00129673 0.002667257 

100 50 43.564 0.762 1.509 0.017491507 0.034638692 

100 200 91.865 0.652 1.208 0.007097371 0.013149731 

100 428 95.653 0.406 0.686 0.004244509 0.007171756 

100 855 95.053 0.235 1.808 0.002472305 0.019020967 

 

Thickness [um] Dose [mJ/cm2] Peak 1671.2-1650.5 cm-1 Peak 1826.3-1671.2 cm-1 

Liquid 0 0.105  

20 50 0.106 19.899 

20 200 0.124 112.079 

20 428 0.121 104.257 

20 855 0.154 111.433 

40 50 0.112 25.826 

40 200 0.089 102.224 

40 428 0.143 104.453 

40 855 0.109 101.247 

100 50 0.101 44.261 

100 200 0.092 97.193 

100 428 0.117 101.871 

100 855 0.138 101.138 
 


