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Summary 

Epoxy and polyurethane coatings are widely applied to protect metal substrates against corrosion. 

For adequate anticorrosive properties, these thermoset organic coatings should have a low 

permeability to corrosive chemicals and excellent mechanical properties. However, an inadequate 

curing after coating application or a later in-service degradation by aggressive chemicals can 

considerably deteriorate the coating performance.  

In the present project, we investigated the curing and hardness development of organic coatings 

under insufficient ventilation conditions, as well as the ability of methanol to degrade coating 

barrier and mechanical properties. 

The first investigation on the curing behaviour of organic coatings involved a single layer 

polyurethane coating, where the curing and hardness evolution of the coating were followed under 

freely evaporating and solvent evaporation-suppressed conditions. Using a gravimetric approach, 

the solvent evaporation rate was quantified, while the pendulum hardness test allowed evaluation 

of the coating hardness and Fourier-transform infrared spectroscopy (FTIR) the monitoring of the 

degree of curing. The average coating glass transition temperature was estimated by dynamic 

mechanical analysis (DMA).  

As expected, due to solvent build-up in a closed exposure chamber, the amount of residual solvent 

in the coating increased under the evaporation-suppressed conditions. Higher segmental mobility, 

caused by the residual solvent, boosted the curing reaction rate, which, conversely, reduced the 

solvent evaporation rate with an associated higher amount of residual solvent. The latter was 

observed to reduce the coating hardness and glass transition temperature due to a plasticizing effect. 

The so-called Kelley-Bueche equation successfully simulated the coating glass transition 

temperature as a function of the polyurethane volume fraction, which verified the additivity of free 

volume of the residual solvent to the coating matrix.  

Using the same characterization methods as the single-layer polyurethane coating, the curing of a 

two-layer epoxy-polyurethane coating system was mapped from the aspects of solvent evaporation, 

isocyanate conversion, and hardness evolution. Under the evaporation-suppressed conditions, the 

amount of residual solvents in the epoxy-polyurethane coating system increased. Compared to the 

single-layer coating system, interlayer solvent migration took place and had a great influence on 

the hardness development of the polyurethane topcoat. In particular, the residual 1-butanol in the 
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epoxy primer migrated to the topcoat and reacted with the isocyanate reactants. The reduced 

crosslinking density, as a consequence of this undesired reaction, and the plasticizing effect of 

residual solvents, together resulted in an insufficient hardness development of the epoxy-

polyurethane system. Additionally, a kinetic study on the reactivity of 1-butanol with the 

isocyanate crosslinker showed a two orders of magnitude higher reaction rate than for the polyol 

reactant in the polyurethane system, which verified the adverse effects of the 1-butanol migration. 

Furthermore, 2-butanol, with a lower reactivity towards isocyanates, was substituted for 1-butanol 

in the epoxy primer, which significantly improved the hardness development of the epoxy-

polyurethane coating system.  

In addition to the curing study, methanol degradation of novolac epoxy and polyurethane coatings 

was investigated using methanol absorption and desorption experiments, supported by DMA 

studies for monitoring of the mechanical properties. Also, permeation cells were used to evaluate 

the coating barrier properties (i.e., breakthrough time and permeation rates of methanol).  

During methanol absorption, physical degradation, i.e., leaching of certain coating ingredients and 

interaction of methanol with the coating network via hydrogen bonds, was evidenced, and the 

bonding of methanol classified into two types. The first, Type I bound methanol, refers to a single 

hydrogen bond forming to the coating network, whereby methanol performs as a plasticizer, which 

decreases the storage modulus and the glass transition temperature. The second, Type II bound 

methanol, takes place when two hydrogen bonds form to the coating network, resulting in so-called 

physical crosslinking. Generally, Type I bound methanol boosted the segmental mobility and 

contributed to the leaching of a plasticizer, benzyl alcohol, from the novolac epoxy coatings and 

residual solvents (i.e., naphtha and xylene) from the polyurethane coating. Following methanol 

desorption, epoxy novolac and polyurethane coatings both exhibited significant increases in their 

glass transition temperature, which was attributed to an increased effective crosslinking density 

from Type II bound methanol. In addition, a gradual decline in permeability of methanol was 

observed over time for the three coatings. These enhanced (and unexpected) barrier properties 

result from a combination of effects from the forming of Type II bound methanol and the leaching 

process. 

In summary, the curing, hardness evolution, and interlayer molecular migration in epoxy and 

polyurethane coatings were quantified under evaporation-suppressed conditions. The results give 
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insights into the negative effects of the limited ventilation conditions and provide guidelines for 

how to optimize ventilation conditions and coating formulations to achieve adequate curing. 

Moreover, the methanol degradation study elucidates the mechanisms of small hydroxyl group-

containing solvents interacting with the coating network, as well their influence on the coating 

mechanical and barrier properties.   
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Dansk Resumé 

Epoxy- og polyurethan coatings anvendes i vidt omfang  til beskyttelse af metalliske substrater 

mod korrosion. Disse termohærdende organiske coatings har en lav permeabilitet af ætsende 

kemikalier og fremragende mekaniske egenskaber, hvilket gør dem egnede til 

korrosionsbeskyttelse. Imidlertid kan en utilstrækkelig hærdning af coatingen efter påføring eller 

en nedbrydning af coatingen under drift forringe korrosionsbeskyttelsesegenskaberne.   

I dette projekt undersøgte vi hærdningen og hårdhedsudviklingen af organiske coatings under 

utilstrækkelige ventilationsforhold, og metanols evne til at nedbryde coatingens barriere- og 

mekaniske egenskaber. 

Den første undersøgelse af hærdningsadfærden for organiske coatings involverede en enkeltlags 

polyurethan coating, hvor hærdningen og hårdhedsudviklingen af coatingen blev fulgt under frie 

og hæmmede solventfordampningsbetingelser. Inddampningshastigheden af opløsningsmiddler 

blev kvantificeret ved en gravimetrisk fremgangsmåde, mens coatingshårdheden og 

hærdningsgraden blev evalueret via henholdsvis pendulhårdhedstest og Fourier-Transform 

Infrarød Spektroskopi (FTIR). Den gennemsnitlige glasovergangstemperatur af alle coatings blev 

estimeret ved dynamisk mekanisk analyse (DMA). 

Som forventet steg mængden af restopløsningsmiddel i coatingen på grund af akkumulering af 

opløsningsmiddel i et lukket eksponeringskammer under de fordampningshæmmende betingelser. 

En højere segmental mobilitet, forårsaget af restsolvent øgede hærdningsreaktionshastigheden, 

hvilket omvendt reducerede inddampningsgraden af opløsningsmidlet, der dermed forårsagede en 

stigning i restsolvent. Det blev observeret, at den større restmængde af solvent reducerede coating 

hårdheden og glasovergangstemperaturen grundet en plastificeringseffekt. Den såkaldte Kelley-

Bueche-ligning simulerede godt coatingens glasovergangstemperatur som funktion af 

polyurethan-volumenfraktionen, som verificerede den additive natur af det frie volumen af det 

resterende opløsningsmiddel til coatingsmatrixen. 

Ved at benytte de samme karakteriseringsmetoder som i førnævnte enkeltlags polyurethancoating 

blev hærdningen af et to-lags epoxy-polyurethan coatingsystem kortlagt, hvori fokus var på 

inddampning af opløsningsmiddel, isocyanatkonvertering og hårdhedsudvikling. Under de 

fordampningshæmmende forhold steg mængden af restsolvent i epoxy- polyurethan 

coatingssystemet. Sammenlignet med enkeltlags coating systemet foregik der en migreringsproces 
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af opløsningsmiddel mellem lagene, hvilken havde en stor indflydelse på hårdhedsudviklingen af 

polyurethan topcoaten. I særdeleshed migrerede den resterende 1-butanol i epoxyprimeren til 

topcoaten, hvor den reagerede med isocyanatreaktanterne. Den reducerede tværbindingstæthed, 

som er en konsekvens af denne uønskede reaktion, og plastificeringseffekten af restsolvent 

resulterede tilsammen i en utilstrækkelig hårdhedsudvikling af polyurethan topcoaten. Derudover 

viste en kinetisk undersøgelse, at reaktiviteten af 1-butanol med isocyanat-tværbinderen var to 

størrelsesordener højere end for polyolreaktanten i polyurethan-systemet, hvilket bekræftede de 

negative virkninger af 1-butanol-migrationen. Endvidere blev 2-butanol med en lavere reaktivitet 

overfor isocyanater, anvendt til at erstatte 1-butanol i epoxyprimeren, hvilket forbedrede 

hårdhedsudviklingen signifikant i epoxy-polyurethancoatingen. 

Foruden hærdningsundersøgelsen blev metanol-nedbrydning af novolac-epoxy- og polyurethan-

coatings undersøgt under anvendelse af metanolabsorptions- og desorptionsforsøg, understøttet af 

DMA-undersøgelser til overvågning af de mekaniske egenskaber. Derudover blev 

permeationsceller anvendt til at evaluere coatingens barriereegenskaber (dvs. gennembrudstid og 

permeationshastighed af metanol).  

Under metanolabsorptiontest blev den fysiske nedbrydning, dvs. udvaskning af visse 

coatingsingredienser og interaktion af metanol med coatingsnetværket via hydrogenbindinger, 

påvist, hvor metanolbindingen blev klassificeret i to typer. Den første, Type I bundet metanol, 

henviser til en enkelt hydrogenbinding, der forbindes til coatingsnetværket, hvorved methanol 

fungerer som en blødgører, hvilket reducerer opbevaringsmodulet og glasovergangstemperaturen. 

Den anden, Type II bundet metanol, finder sted, når der dannes to hydrogenbindinger til 

coatingsnetværket, hvilket resulterer i fysisk tværbinding. Generelt øgede Type I bundet metanol 

den segmentale mobilitet og bidrog til udvaskningen af et blødgøringsmiddel, benzylalkohol, fra 

novolac-epoxycoating og af resterende opløsningsmidler (dvs. naphtha og xylen) fra 

polyurethancoatingen. Efter metanol-desorption udviste både epoxy-novolac og polyurethan-

coatingen signifikante stigninger i deres glasovergangstemperatur, hvilket skyldtes en forøget 

effektiv tværbindingsdensitet fra Type II bundet metanol. Derudover blev der observeret et 

gradvist fald i metanolens permeabilitet over tid for de tre coatings. Disse forbedrede (og uventede) 

barriereegenskaber skyldes en kombination af effekter fra dannelsen af Type II bundet metanol og 

udvaskningsprocessen. 
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Sammenfattende blev hærdningen, hårdhedsudviklingen og den molekylære diffusion mellem 

lagene i epoxy- og polyurethanbelægninger kvantificeret under fordampningshæmmende forhold. 

Resultaterne giver indsigt i de negative virkninger af de begrænsede ventilationsbetingelser og 

tilbyder retningslinjer for, hvordan man kan optimere ventilationsforholdene og 

coatingsformuleringerne for at opnå tilstrækkelig hærdning. Endvidere belyser 

metanolnedbrydningsundersøgelsen af mekanismerne for små hydroxylgruppe-holdige 

opløsningsmidler, der interagerer med coatingsnetværket, såvel som deres indflydelse på 

coatingens mekaniske- og barriereegenskaber. 
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Overview of the PhD thesis 

Corrosion protection of steel structures is largely done by the use of anticorrosive coating systems, 

which limit the contact between electrolytes and substrate or provide sacrificial pigments. In 

general, the applied curing and service conditions have a great influence on the coating properties, 

which can be undermined by inadequate curing or harsh chemicals, which in turn minimizes the 

service life.  

The inadequate curing of coating systems can occur for insufficient ventilation, so-called solvent 

evaporation-suppressed conditions, which prolongs the curing time and can result in trapping of 

solvents. The mechanical properties, hardness in particular, are reduced as a consequence of these 

residual solvents. In addition, interlayer molecular migration of residual solvents can take place in 

a multilayer coating system and induce adverse effects, such as side reactions with crosslinkers. 

Moreover, when coatings are exposed to chemicals during service life, degradation phenomena, 

which deteriorates the mechanical and barrier properties of the coatings, can occur.  

 

Objectives of the project 

In this project, the objectives are to map the effects on coating properties of insufficient ventilation 

and harsh chemicals, and to investigate the underlying mechanisms. The coatings considered are 

epoxy-amine and polyurethane types.  

 

The overall aims are: 

 To quantify the curing and hardness development of a polyurethane coating under 

evaporation-suppressed conditions. 

 To investigate the curing of an epoxy-polyurethane coating system under evaporation-

suppressed conditions, as well as the influence on coating curing of interlayer molecular 

migration of selected compounds.  

 To study the degradation of mechanical and barrier properties of coatings when exposed to 

methanol.  
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Outline of the thesis 

The thesis includes seven chapters, of which Chapters 3, 4 and 5 present the experimental results 

and discussion, and were written in manuscript format. The main contents of each chapter are 

summarized as follows: 

Chapter 1 Literature research 

This chapter includes an introduction to the anticorrosive coatings, specifically epoxy and 

polyurethane coatings. Coating curing mechanisms and factors affecting the curing process are 

reviewed. Moreover, degradation mechanisms of organic coatings exposed to chemicals are 

covered. 

Chapter 2  Hypotheses of the project 

This chapter summarizes the scientific hypotheses underlying the project. 

Chapter 3 Simultaneous tracking of hardness, reactant conversion, solids concentration, and 

glass transition temperature in thermoset polyurethane coatings 

In this chapter, the curing and hardness development of a polyurethane coating are investigated 

under the evaporation-suppressed conditions. The curing process is quantified with isocyanate 

conversion, solids concentration, and hardness development.  

Chapter 4 Interlayer molecular migration and reaction in an epoxy-polyurethane coating 

system: Implications for the system hardness 

This chapter investigates the curing and hardness development of an epoxy-polyurethane coating 

under the evaporation-suppressed conditions, and maps the influence of interlayer solvent 

migration on the system hardness. 

Chapter 5 Methanol degradation mechanisms and permeability phenomena in novolac epoxy and 

polyurethane coatings 

This chapter explores the changes in mechanical and barrier properties after methanol exposure. 

To explain the observed degradation phenomena, a mechanism with two types of bound methanol 

in the coating are proposed.  

Chapter 6  Hypotheses discussion 

This chapter evaluates the scientific hypotheses presented in Chapter 2. 
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Chapter 7 Conclusions and future work 

This chapter presents the overall conclusions and future perspectives.  
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Chapter 1  

Literature survey on anticorrosive coatings and curing and degradation 

phenomena 

In many cases, heavy-duty coating application takes place inside a closed building, a so-called 

paint shop. One example is the spray application of an epoxy-polyurethane coating system to a 

wind turbine tower section. When preparing the paint shop for subsequent construction, the two-

layer coating system must be sufficiently cured prior to transportation of the tower section, so-

called dry-to-handle.  

To increase the coating application efficiency of the paint shop, coating curing time for dry-to-

handle should be minimized. However, in evaporation-suppressed environments (e.g., limited 

ventilation during non-active periods in the paint shop or confined spaces like ballast tank), the 

solvent evaporation rate is significantly reduced, which leads to trapping of solvents and prolongs 

the curing time. For an epoxy-polyurethane coating system, the polyurethane topcoat is usually 

applied over a short interval (one day or less). Due to the short overcoat interval, the epoxy primer 

may not be sufficiently cured, and residual solvents in the primer can migrate into subsequent 

layers with a negative impact on the coating system (e.g., plasticizing effects and side reactions 

with polyurethane crosslinkers). This can lead to improper curing of the polyurethane topcoat and 

an associated insufficient adhesion between the polyurethane topcoat and the epoxy primer, which 

significantly undermines the anticorrosive properties. 

The coating mechanical and anticorrosive properties can also deteriorate when exposed to 

aggressive chemicals during service life. As an example, phenolic novolac epoxy coatings, widely 

used as chemical storage tank linings, are susceptible to swelling, loss of mechanical properties 

and/or bond cleavage when in contact with alcohols, aromatic and aliphatic solvents, and acidic 

and caustic chemicals. These degradation phenomena undermine the coating properties and 

minimize the service life of coatings. 

This chapter provides the background for the research that follows and presents an overview of 

anticorrosive coatings, as well as coating curing and degradation mechanisms.  
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 Anticorrosive coatings 

To prevent corrosion and provide aesthetic appearance, organic coatings are widely applied on 

metal substrates. Both international and national legislation has, since the 1960s, aimed at reducing 

the usage of volatile organic compounds (VOCs) in coatings [1,2]. VOCs are volatile at room 

temperature with a high vapour pressure, which reduces air quality and causes toxic hazards. These 

issues have resulted in significant changes in the formulation of anticorrosive coatings, which, 

traditionally, contained large amounts of organic solvents. To reduce VOC emissions, high-solids 

coatings, powder coatings, and waterborne coatings have been developed and they become 

increasingly popular. However, solvent-borne organic coatings cannot yet be completely replaced 

for high-performance applications and still play a crucial role in harsh environments, e.g., marine 

and industrial heavy duty [2].  

An anticorrosive coating system should have low permeability to corrosive chemicals and 

mechanical properties, which maintain the original shape and good adhesion of the coating to the 

substrate. To achieve these properties, a high-performance coating system typically consists of 

multiple layers: a primer, one or several intermediate coatings, and a topcoat [2]. The primary 

purpose of a primer is to give sufficient adhesion to the underlying substrate and epoxy coatings, 

with superior adhesion to metals, are commonly applied as primers [3]. Additionally, a primer can  

provide anticorrosive properties. For this purpose, metallic zinc or inhibitive pigments are often 

formulated into the primer to enhance the coating performance [2]. The intermediate coat builds 

up the thickness of the coating system and acts as a barrier to provide the overall anti-corrosive 

properties. Due to their excellent resistance to water, solvent and chemicals, epoxy coatings are 

also extensively used as intermediate coats [2,4]. 

The topcoat is expected to have excellent resistance to environmental degradation caused by 

ultraviolet (UV) radiation, moisture and heat and should provide the desired appearance, e.g., gloss 

and colour. Polyurethane coatings, which have excellent resistance to weathering and low gloss 

and colour loss when exposed to UV radiation, are often applied as topcoats for outdoor conditions. 

 

1.1.1 Epoxy coatings 

Epoxy resins are characterized by the presence of more than one three-membered ring containing 

oxygen, i.e., an epoxy group (also called epoxide, oxirane or ethoxyline group) [5]. Most cured 
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epoxy resins are amorphous thermosetting coatings with outstanding corrosion resistance and 

superior adhesive properties, as well as excellent mechanical strength. With superior formulating 

versatility and reasonable costs, epoxy resins gained widespread use as bonding, structural, and 

protective coatings. However, epoxy coatings are susceptible to yellowing and chalking when 

exposed to UV radiation, and therefore usually applied as primers and intermediate coatings. 

Bisphenol A, bisphenol F, and novolac resins are three of most commonly used epoxy resins and 

will be introduced individually in this section.  

 

Bisphenol A resins 

Bisphenol A (A = acetone) resins have the most widespread application among epoxy resins [5]. 

The reaction of bisphenol A and epichlorohydrin produces diglycidyl ether bisphenol A resin 

(DGEBA) as illustrated in Figure 1.1.  

 

 

Figure 1.1. The synthesis route of bisphenol A resins in NaOH aqueous solution. Bisphenol A 

diglycidyl ether (DGEBA) is produced from the base-catalyzed reaction of epichlorohydrin and 

bisphenol A. n (≥ 0.2) is the degree of polymerization. Reprinted from [5] by permission of John 

Wiley and Sons ©. 

 

The ratio of bisphenol A to epichlorohydrin can be adjusted to produce bisphenol A epoxy resins 

differing in molecular weight and contents of epoxy and hydroxyl groups. A high ratio of 

epichlorohydrin to bisphenol A forms a low molecular weight resin (360 - 500 g/mol) with a low 
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polymerization degree (n < 2), which is liquid at room temperature [6]. The liquid bisphenol A 

resin is often used in solvent-free coatings and water-borne epoxy coatings. The hydroxyl or epoxy 

groups of bisphenol A resins can react with various curing agents, thereby permitting formulating 

versatility. One of the most common examples is the reaction of epoxy groups with amines to 

produce epoxy-amine coatings. 

The medium and high molecular weight resins (500-7000 g/mol) are solid at room temperature, 

and the degree of polymerization ranges from 2 to about 35 in commercial resins. Compared to 

low molecular weight resins, they have more hydroxyl groups and fewer epoxy groups. The high 

molecular weight resins usually give better flexibility, but lower crosslinking density and chemical 

resistance to the cured coatings. Besides, the high hydroxyl functionality contributes to wetting 

and adhesive properties on metal substrates [7]. 

 

Bisphenol F resins 

Bisphenol F (F = formaldehyde) is reacted with epichlorohydrin to produce diglycidylether 

bisphenol (DGEBF) resins (see molecular structure in Figure 1.2).  

 

 
Figure 1.2. Chemical structure of bisphenol F resin. n ≈ 0.15. Reprinted from [5] by permission 

of John Wiley and Sons ©. 

 

The bisphenol F resins do not have the two methyl groups that are present between the two 

aromatic rings in bisphenol A resin. As a consequence of this, bisphenol F resins are low-viscosity 

liquids, which make them suitable for solvent-free coatings. Compared to bisphenol A epoxy resins, 

bisphenol F epoxy resins have higher epoxy content and functionality that improve their chemical 

resistance. Bisphenol F epoxy resins are commonly used in high-solid and solvent-free coatings, 

such as tank and pipe linings, industrial floors, and bridge deck toppings [5]. 
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Novolac epoxy resins 

Novolac epoxy resins are multifunctional epoxies based on phenolic formaldehyde novolacs. The 

epoxy phenol novolac and cresol novolac resins have gained widespread commercial application 

[5] and their chemical structures are shown in Figure 1.3.  

 

 

Figure 1.3. Chemical structure of epoxy novolac resins: epoxy phenol novolac resin (R = H) and 

epoxy cresol novolac resin (R = CH3). n ≥ 0.2. Reprinted from [5] by permission of John Wiley 

and Sons ©. 

 

The aromatic structure of the resins helps to increase the glass transition temperature and impede 

the penetration of aqueous solutions. Epoxy phenol novolac resins are high viscosity liquids for 

0.2 < n <3 and become solid for n > 3. The novolac resins have higher epoxy functionality than 

bisphenol A and bisphenol F resins, leading to a higher crosslinking density. Therefore, novolac 

resins possess very high chemical resistance and are widely applied to resist aggressive chemicals 

in harsh environments. 

 

1.1.2 Polyurethane coatings 

Polyurethane coatings refer to polymers with urethane, urea, biuret, or allophanate coupling groups 

[6]. According to the chemical composition, polyurethane coatings are classified as two-

component or one-component. Generally, two-component solvent-borne polyurethane coatings are 

used for corrosion prevention in the heavy duty industry. One part contains the polyisocyanates 

and moisture-free solvents; the other the polyols (or other coreactants), pigments, solvents, 

catalysts and additives. The reaction between polyisocyanates and the polyols results in a three-

dimensional crosslinked network, which provides the polyurethane coatings with high mechanical 
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strength and outstanding chemical resistance. Compared to the epoxy coatings, polyurethane 

coatings have an advantage of excellent weathering resistance [2,6]. 

 

Raw materials 

Polyisocyanates. The polyfunctional isocyanates used to produce polyurethane coatings can be 

aliphatic, cycloaliphatic, aromatic, and polycyclic in structure [8]. Commonly used aliphatic 

isocyanates are hexamethylene diisocyanate (HDI), isophorone diisocyanate (IPDI), and 4,4’-

dicyclohexylmethane diisocyanate (H12MDI) [9]. The molecular structures of these three 

isocyanates are illustrated in Figure 1.4.  

 

 

Figure 1.4. Chemical structures of aliphatic isocyanates: Hexamethylene diisocyanate (HDI), 

isophorone diisocyanate (IPDI), and 4,4’-dicyclohexylmethane diisocyanate (H12MDI).  Reprinted 

from [9] by permission of John Wiley and Sons ©. 

 

Aliphatic isocyanates have excellent photooxidative stability and are widely used in coating 

industries. Difunctional isocyanates are able to form a trimer with free isocyanate groups to 

participate in further trimerization. This helps to form crosslinking structures and increase the 

crosslinking density of polyurethane coatings, thereby enhancing coating thermal and chemical 

resistance. 

Aromatic isocyanates, such as toluene diisocyanate (TDI) and 4,4’-diphenylmethylene 

diisocyanate (MDI), have wide application. They exhibit higher reactivity than aliphatic 

isocyanates. However, the weathering resistance of polyurethane coatings is undermined by the 

presence of the aromatic ring structure. Therefore, aliphatic isocyanates are preferred for 

applications with the requirement of excellent weathering stability [9]. 

Polyols. A polyol is a polymer with two or more hydroxyl groups. Figure 1.5 presents the chemical 

structures of two most common polyols in two-component solvent-borne polyurethane coatings. 
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The two polyols are hydroxyl-terminated polyester and hydroxyl-substituted acrylic resin with a 

hydroxyl group content ranges from 0.5-12 % [6].  

 

 

Figure 1.5. Chemical structures of polyester and acrylic polyol. Reprinted from [9] by permission 

of John Wiley and Sons ©. 

 

The structure of a polyol to a great extent determines the properties of the polyurethane formed. 

Generally, polyester polyols are applicable for high-solid coatings and give films with excellent 

solvent resistance and good adhesion to metal substrates. Due to their higher equivalent weight, 

acrylic polyols have faster curing rate and higher equivalent weight than polyesters, resulting in 

the less consumption of the expensive isocyanates and thereby reducing cost. Besides, acrylic 

polyols have better exterior durability, resulting from their superior hydrolytic and photochemical 

stability [10]. 

 

 Curing mechanisms  

Organic coatings are complex mixtures of different ingredients, each of which serves a specific 

function. In a coating formulation, the five main components are binders, solvents, pigments, 

fillers and additives [1,2].  Binders bind together the other components to form a solid coating film 

and adhere to the substrate. For a two-component coating system, chemical curing takes place 

between a binder and a curing agent, resulting in a three-dimensional network. The crosslinked 
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structure provides the cured film with high mechanical strength, low permeability and 

anticorrosive properties.  

Solvents are used to dissolve coating components and reduce the viscosity of the coating solution, 

thereby easing the application process. Pigments are insoluble solid particles and added to provide 

colour, modify coating properties, or reduce cost. Common examples include barrier pigments and 

sacrificial pigments to improve the anticorrosive properties, whereas inert pigments are used to 

reduce cost. Additives are substances added in small amounts to modify certain coating properties. 

Examples include catalysts to accelerate crosslinking reactions and plasticizers to improve coating 

flexibility. 

 

1.2.1 Film formation of two-component solvent-borne coatings 

For a two-component solvent-borne coating, the film formation process involves simultaneous 

solvent evaporation and chemical curing [11–14] as illustrated in Figure 1.6.  

 

 

Figure 1.6. Film formation of a two-component solvent-borne organic coating during 

simultaneous solvent evaporation and chemical curing. 

 

When preparing a coating for application, the part containing binders, solvents, pigments and 

additives, is mixed with the other part containing curing agents and solvents. Meanwhile, the 

crosslinking reactions between binders and curing agents initiate and the solvents evaporate. With 

the evaporation of solvents, the film shrinks, and the binder and curing agent concentrate. The 

curing reaction between the binder and curing agent forms a three-dimensional crosslinked 
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structure ending up in a solid coating film. A two-stage curing process has commonly been used 

to describe the film formation process of the strongly coupled solvent evaporation and chemical 

curing [11,12,15]. In stage 1, coating ingredients are dissolved in solvents and have full mobility. 

Therefore, the rate of curing is controlled by the intrinsic chemical properties of the binder, curing 

agent and catalyst. The rate of solvent evaporation is approximately constant and determined by 

the external mass transport of solvent. Important external factors, during this stage, include 

temperature, wind velocity, and solvent concentration in the surrounding air [12].  

As the curing reaction proceeds, the binder molecular weight continues to increase and the mobility 

of reacting molecules gradually decreases with increasing viscosity and glass transition 

temperature of the coating. At some point in time, when the first insoluble infinite molecule is 

formed, gelation takes place and the viscosity becomes infinite [11,13]. The so-called vitrification 

phenomenon, which has been shown to cause an increase in the solvent diffusion resistance [11,15], 

begins when the glass transition temperature of the film becomes equal to the curing temperature, 

thereby initiating stage 2. During this stage, the solvent evaporation rate rapidly drops and becomes 

intrafilm diffusion-controlled. The diffusivity of solvents is determined by their molecular size and 

interaction with the coating network, as well as coating segmental mobility [13,14]. For this reason, 

solvents can still be trapped in the coating film even after long drying time, which has a negative 

impact on the quality and durability of coating films [16]. Meanwhile, the curing rate is also 

significantly reduced and becomes diffusion-controlled. The reaction rate is dominated by the 

concentration of reactive groups and their segmental mobility [13,14]. Generally, elevated 

temperature is required to achieve full cure (100 % conversion). 

Dušek and Havlíček [17] evidenced a diffusion-controlled curing reaction of an epoxy-amine 

coating when the coating glass transition temperature came close to the curing temperature. When 

the coating passed through the glass transition, the curing reaction continued with a very slow rate 

and was expected to come to a complete halt when the coating glass transition temperature 

exceeded the curing temperature by 30 – 40 °C. Dušková-Smrčková and Dušek [14] investigated 

the interdependence of chemical curing and solvent evaporation of a polyurethane coating. It was 

seen that a high catalyst concentration boosted the curing reaction rate, which shortened the time 

for the coating system to vitrify, thereby resulting in a higher amount of residual solvent.  
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1.2.2 Epoxy-amine chemistry 

Epoxy resins react with nucleophilic molecules (amines and alcohols) via epoxy groups. The 

epoxide ring opens with a nucleophilic addition reaction as illustrated in Figure 1.7.  

 

 

Figure 1.7. The epoxide ring opening via a nucleophilic addition reaction [18]. X: N, O. 

 

When epoxy resins are cured with amine curing agents, epoxy-amine coatings are formed. These 

curing agents are categorized into aliphatic amines, cycloaliphatic amines and aromatic amines. 

The amine structure has a great impact on curing reaction rates [19]. Generally, the reactivity of 

amines increases with basicity and decreases with steric hindrance. The general order of amine 

reactivity is primary > secondary >> tertiary. Epoxy resins can react with primary and secondary 

amines at ambient temperature. Cycloaliphatic amines have reduced reactivity, whereas aromatic 

amines are much less reactive than aliphatic amines due to less basicity. The reaction can be 

catalyzed by water, alcohols, tertiary amines and weak acids, which promote epoxide ring opening 

by forming proton complexation with the epoxide oxygen [19].    

Due to toxicity of amines, amine curing agents are commonly modified, for example by increasing 

molecular weight. Polyamides of high molecular weight are formed when amines react with fatty 

acids. The reaction of an epoxy resin with a polyamide is generally slower and more controllable 

than that with an amine [20]. In addition, amines can pre-react with epoxy resins to produce amine 

adducts to lower the toxicity.  

 

Graininess and amine blush 

Generally, bisphenol A epoxy resins are not compatible with amines in the absence of solvents. 

As solvents evaporate, due to a phase separation, so-called graininess can occur, resulting in a 

rough surface [19]. Graininess can be eliminated by pre-mixing the two components an hour or so 

prior to application. During this time, the reaction between the epoxy resins and amine curing 

agents improves compatibility of the mixture and increases the viscosity.  
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When cured at low temperature or high humidity, a whitish, low gloss, and greasy surface is often 

seen for amine-cured epoxy coatings [21,22]. This is so-called amine blush that is believed to be 

caused by the sorption of carbon dioxide and moisture from the atmosphere during the curing 

process [21] and can weaken the intercoat adhesion and give poor recoatability [19,23]. Amines 

can migrate to the coating surface and react with carbon dioxide and moisture to form carbonated 

amine as illustrated in Figure 1.8.  

 

 

Figure 1.8. Illustration of chemical reactions of amine curing agents reacting with water and 

carbon dioxide from the atmosphere to form ammonium carbamate.  

 

As with graininess, pre-mixing of the epoxy binder and amine curing agents approximately one 

hour before application helps to minimize the blush because the curing reaction minimizes the 

amount of free amine.  

 

1.2.3 Polyurethane chemistry 

Isocyanates are highly reactive chemicals and can react with molecules consisting of OH or NH 

functional groups. As illustrated in Figure 1.9, the isocyanate carbon has an electrophilic character 

as the electronegativity of the oxygen and nitrogen imparts a large electrophilic character to the 

carbon in the isocyanate group [8]. The isocyanate carbon is highly reactive towards nucleophilic 

reagents like alcohols and amines. 
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Figure 1.9. The electrophilic character of the carbon in the isocyanate group. Reprinted from [24] 

by permission of the American Chemical Society 

 

The common reactions of isocyanates with various reactants are summarized in Figure 1.10. The 

reactions of isocyanates can be divided into two main classes: (1) the reactions of isocyanates with 

active hydrogen compounds to form addition products, and (2) the polymerization of isocyanates, 

i.e., self-addition reactions.  

 

Figure 1.10. Common reactions of isocyanate with different reactants. Reprinted from [8] by 

permission of Elsevier. 
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The reactions of isocyanates involve an attack by a nucleophilic centre upon the electrophilic 

carbon of the isocyanate. Urethanes are the reaction product of isocyanates with hydroxyl 

compounds as shown in Figure 1.10(a). For primary and secondary alcohols, the unanalyzed 

reactions can occur at 50-100 °C, whereas tertiary alcohols and phenols have much less reactivity. 

Isocyanates can react with amines to form ureas (Figure 1.10(b)), whose reactivity is much higher 

than alcohols. Typical primary and secondary aliphatic amines, and primary aromatic amines react 

rapidly with isocyanates at ambient temperature. In addition, water can react with an isocyanate to 

form carbamic acid, which is unstable and decomposes to produce an amine as shown in Figure 

1.10(c). The amine can further react with an isocyanate to form a urea linkage (Figure 1.10(d)). 

The nitrogen atom of the urea group is also a nucleophilic centre and can react with an isocyanate 

to produce biuret (Figure 1.10(e)). Similarly, isocyanates can react with urethanes to form 

allophanates (Figure 1.10(f)) [8].  

For a two-component polyisocyanate-polyol coating, the NCO/OH ratio is often higher than one. 

The excess NCO groups compensate for the consumption of the NCO groups by side reactions 

with water from solvents, pigments, or air. 

 

Uncatalyzed urethane formation 

Without a catalyst, it is generally accepted that urethane formation proceeds through a six-member 

ring transition state as shown in Figure 1.11. Raspoet and Nguyen [25] examined the alcoholysis 

of isocyanate for 2-propanol and cyclohexanol in low and high concentrations. It was concluded 

that either two or three molecules of the alcohol played a key factor in the nucleophilic addition of 

alcohols, and trimers become dominant at high alcohol concentrations. As illustrated in Figure 

1.11, the second alcohol molecule serves as a proton transporter acting as a proton donor to the 

isocyanate and proton acceptor to the original alcohol in the six-member ring. In addition, it was 

suggested that the nucleophilic addition occurs in a concerted way across the N=C bond of the 

isocyanate rather than the C=O bond. 
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Figure 1.11. Six-member ring transition state for uncatalyzed formation of urethane. Reprinted 

from [9] by permission of John Wiley and Sons ©. 

 

Generally, the reaction of an isocyanate with a hydroxyl molecule is an exothermic process. The 

urethane product is in a strongly temperature-dependent equilibrium with reactants. At elevated 

temperatures, the urethane bond is able to undergo reversion back to isocyanate and hydroxyl 

functionality [26]. The thermal stability of the urethane structure depends considerably on the 

urethane structure. The greater is the aliphatic content of the structure, the more thermally stable 

the urethane becomes, as aromatic delocalization can stabilize the activated stages. For example, 

MDI-based urethanes were observed to be more thermally stable in comparison with TDI [27]. 

 

Catalyzed urethane formation 

Catalysts of urethane formation can be divided into organic catalysts and organometallic catalysts 

and typical examples are shown in Figure 1.12. Tertiary amines, such as triethylene diamine 

(TEDA) and 1,8-diazabicyclo(5.4.0) undec-7-ene (DBU), are commonly used organic base 

catalysts for isocyanate-hydroxyl reactions. Inorganic and organic tin compounds are the most 

common catalysts for urethane formation reactions. Dibutyltin dilaurate (T-12) and tin (II) 2-

ethylhexanoate (T-9) are frequently employed tin catalysts. Among organotin catalysts, 

diorganotin (IV) ester compounds show remarkably high catalytic activity in the urethane-

formation reaction [28]. Organotin catalysts are normally susceptible to hydrolysis. In the presence 

of moisture, most organotin catalysts can hydrolyze, which reduces their catalytic activity [28].  
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Figure 1.12. Common catalysts for urethane formation. Reprinted from [9] by permission of John 

Wiley and Sons ©. 

 

Basic catalytic mechanisms of tertiary amines and organotin are to polarize either the hydroxyl or 

the isocyanate group via simple polar interactions with catalyst as shown in Figure 1.13. The 

removal of electron density from oxygen or nitrogen of the isocyanate group, in turn, enhances the 

electrophilic character of the carbon of the NCO group. As a consequence, the reaction rate of 

urethane formation is increased [27]. 

 

 

Figure 1.13. Bond polarization mechanisms of catalyzed urethane formation reaction. Reprinted 

from [9] by permission of John Wiley and Sons ©. 
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A Lewis-acid mechanism that takes the catalyst as the catalytic active species is commonly 

proposed for organotin catalysts as shown in Figure 1.14. Initially, active intermediates are 

produced by the alcoholysis of tin carboxylate bonds. Sn complexation suffers a nucleophilic 

attack of alcohol and the original C=O to Sn complex must be supplanted [29]. Then, the 

isocyanate group is activated by coordination to the active Sn-OR intermediate via oxygen or 

nitrogen atom and followed by the nucleophilic attack of the hydroxyl group from the alcohol 

[29,30]. 

 

 

Figure 1.14. Proposed mechanism of Lewis acid catalysis of urethane formation. Reprinted from 

[29] by permission of Elsevier. 

 

Reactivity of isocyanates and polyols 

The reactivity of isocyanates is determined by the electronic structure of the isocyanate group and 

the effect of various groups attached to the nitrogen atom. As shown in Figure 1.9, the nucleophilic 

centre is the carbon atom of the isocyanate group with the highest net positive charge. Therefore, 

if steric factors are neglected, any electron-withdrawing group attached to the NCO group will 

increase the positive charge on the carbon atom, thereby increasing the reactivity of the isocyanate 

towards nucleophilic attack [24]. Conversely, electron-donating groups can reduce the reactivity 

of the NCO group, as illustrated below [24]: 

O2NC6H4− > C6H5− > p-CH3C6H4− > p-CH3OC6H4  >> C6H11− = CnH2n+1−. 

Similarly, the reactivity of the nucleophilic agent attacking the electrophilic carbon of the NCO 

group increases as its nucleophilicity increases, as shown in the following series [24]: 
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CH3NH2 > C6H5NH2 > CH3OH > C6H5OH > CH3SH. 

Steric factors also have a significant influence on the reactivity of isocyanates and alcohols. Steric 

hindrance effect of groups attached to the hydroxyl group or isocyanate group can reduce their 

reactivity. Davis and Farnum [31] showed that the order of reactivity of primary, secondary, and 

tertiary alcohols with phenyl isocyanate was approximately 1.0, 0.3 and 0.01, respectively. 

 

Chain length. Wissman et al. [32] studied the kinetics of polyether polyols and diisocyanate 

reactions and found that the reactivity of the hydroxyl group was essentially independent of the 

chain length of the polyether polyols. This independence of the chain length of the polyols on the 

reaction rate constants can be seen in Table 1.1. When TDI reacts with polyethers differing in 

chain length, insignificant differences of the rate constants were observed.  

 

Table 1.1. Reaction rate constants for the uncatalyzed reactions of poly(oxypropylene) glycols 

and toluene diisocyanate (TDI) at 50 °C. Reprinted from [32] by permission of John Wiley and 

Sons ©. 

Samples Initial hydroxyl group 

concentration 

(equivalent/liter) 

k × 104 

(liters / equivalent·seconds) 

Poly(oxypropylene) glycol 

(equivlent wt. 980) 
0.89 1.0 

Poly(oxypropylene) glycol 

(equivlent wt. 525) 

(plus dry toluene)a 
0.89 0.7 

Poly(oxypropylene) glycol 

(equivlent wt. 388) 

(plus dry toluene)a 
0.89 0.8 

Poly(oxypropylene) glycol 

(equivlent wt. 525) 
1.49 1.3 

Poly(oxypropylene) glycol 

(equivlent wt. 388) 
1.88 1.3 

a: The polyether polyols were diluted with toluene so that polyols of different equivalent weights 

could be compared. 
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Structure of alcohols. Sivakamasundari and Ganesan [33] investigated the influence of the 

structure of alcohols on the reactivity of alcohols with isocyanates and kinetic parameters for the 

reactions between alcohols with phenyl isocyanates are shown in Table 1.2. The reactions 

involving methyl, ethyl, n-propyl, and n-butyl alcohols have similar values of rate constants and 

activation energies, suggesting the length of the alkyl group has little effect on the reactivity of the 

alcohols. The electron-releasing inductive effect of the alkyl group can increase the electron 

density on the oxygen atom to enhance the reactivity, but an increase in the alkyl length has limited 

effect. However, the activation energies for the reactions involving allyl alcohol and 

methoxyethanol are about 8 kJ·mol-1 higher than the other four alkyl alcohols. This is due to the 

electron-withdrawing nature of the allyl and methoxy groups, reducing the electron density and 

nucleophilicity of the oxygen atom. 

 

Table 1.2. Kinetic parameters for the reaction between phenyl isocyanate and alcohols in benzene 

medium at 20 °C. Reprinted from [33] by permission of the American Chemical Society. 

Alcohol k2 (× 10-4 M-1·s-1) Ea (kJ·mol-1) 

Methyl alcohol 1.84 37.7 

Ethyl alcohol 2.08 36.0 

N-propyl alcohol 1.89 36.8 

N-butyl alcohol 1.93 36.8 

Allyl alcohol 0.18 50.2 

Methoxyethanol 0.12 47.7 

 

 Degradation mechanisms 

Organic coatings work as a barrier to impede the transport of aggressive chemicals (e.g., organic 

molecules and an aqueous solution of salts, acids or alkalis) into the surface of the substrate. 

However, during service, organic coatings can undergo physical and/or chemical degradation in 

contact with the chemicals [34,35]. This section presents the mechanisms of physical and chemical 

degradation of organic coatings when exposed to chemicals.    
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1.3.1 Physical degradation 

The penetration of chemicals like water and organic solvents often lead to physical degradation of 

organic coatings. Driven by concentration gradients, these chemicals diffuse into organic coating 

systems, causing the swelling of the coatings with associated loss in the physical and mechanical 

properties [36–43]. The diffusivity of the chemicals is dependent on exposure conditions and the 

nature of the coating systems and the diffusants. Important factors, such as binder systems, 

crosslinking density, plasticizers and pigments of coating systems, and molecular size and 

chemical affinity to the coating network of diffusing chemicals, play a crucial role in the diffusion 

process [44]. 

Severe physical degradation takes place when the penetrants have high affinity to the coating 

systems [35]. Generally, a higher affinity results in a higher degree of swelling and a greater loss 

of mechanical properties. The coating-penetrant affinity can be evaluated by the solubility 

parameter that is defined as the energy required to vaporize a unit volume of liquid against the 

intermolecular forces between the molecules [45]. Figure 1.15 shows the relationship between the 

solubility parameter and the coating swelling degree. The maximum swelling ratio is achieved 

when the coating and the solvent have the same solubility. In comparison to water, organic solvents, 

like acetone and methanol, cause approximately ten times greater weight uptake in the epoxy 

coatings but have diffusion coefficients in the same order of magnitude [43]. 

 

Figure 1.15. Relationship between swelling ratio and solubility parameter for a polyester resin 

immersed in various organic solutions. Reprinted from [35] by permission of the Japan Petroleum 

Institute. 
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Water 

The effects of water on the coating properties have been extensively studied [38–42,46–49]. The 

main effects of water in organic coatings are plasticization that causes swelling [38], and 

reductions of mechanical properties [39] and glass transition temperature [38–40,42,46]. At the 

coating-substrate interface, water, due to its strong hydrogen bonding ability, is capable of 

disrupting the attractive forces between coating and metal substrate and thereby reduces the 

coating adhesion [49].  

Water has strong interaction with coating networks through hydrogen bonding with hydrophilic 

functional groups such as hydroxyl or amine groups [41,46]. Zhou and Lucas [41,42] proposed a 

mechanism of two types of water interacting with epoxy resin through hydrogen bonding as shown 

in Figure 1.16. Type I bound water forms a single hydrogen bond with the epoxy network and has 

an activation energy of approximately 10 kcal/mol, whereas Type II forms multiple hydrogen 

bonds and possesses a higher activation energy of approximately 15 kcal/mol. Type I bound water 

acts as a plasticizer and is easy to remove. Type II bound water results in so-called physical 

crosslinking and contributes to an increase in mechanical properties, such as an increasing glass 

transition temperature in water saturated epoxy resin. Han and Drzal [47] also identified the two 

types of bound water in two epoxy resins and found that Type II bound water cannot be removed 

after heating to 110 ˚C. In addition, exposure temperature and time have a strong effect on the 

forming of Type II bound water that higher immersion temperature and longer exposure time result 

in a greater amount of Type II bound water.  
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Figure 1.16. Two types of water complexes binding with an epoxy network through hydrogen 

bonding: (a) Type I bound water forming one hydrogen bond with the resin network, (b) Type II 

bound water forming more than one hydrogen bonds with the resin network. Reprinted from [41] 

by permission of Elsevier. 

 

1.3.2 Chemical degradation 

Chemical degradation takes place when certain functional groups or bonds of coating resins 

undergo reactions when exposed to chemicals. Common examples are hydrolysis, 

transesterification and oxidation [35]. Hydrolysis reaction is commonly found in aqueous 

electrolyte solutions, e.g., aqueous solutions of acids, alkalis, or salts. The penetration of water 

leads to physical degradation, accompanied by chemical degradation catalyzed by electrolyte-

dissociated ions. Abeysinghe et al. [48] investigated the physicochemical changes occurring in 

crosslinked polyesters during immersion in NaCl, H2SO4, and NaOH aqueous solutions. The 

degradation of polyester resins begins with water uptake, swelling, and leaching of non-

immobilized substances, followed by gradual hydrolysis of ester groups. Acid-induced hydrolysis 

is one of the most important reactions that can induce bond scissoring in a coating network, and 

functional groups such as amides, esters, ether and urethanes are vulnerable to acid-induced 
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hydrolysis [34]. Figure 1.17 shows schemes of the hydrolysis reaction of these functional groups 

catalyzed by acids. Also, hydrolysis of the ester group and urethane group by water was observed 

to be induced by UV radiation in polyurethane/polysiloxane hybrid coatings [50].  

 

 

Figure 1.17. Reaction schemes of acid-induced hydrolysis of functional groups that can be present 

in coating resins. Relative reactivity of example molecules in acidic aqueous conditions are also 

shown. Reprinted from [34] by permission of Springer Nature. 

 

Oxidizing chemicals can cause chemical oxidation by attacking the unsaturated bonds in the 

coating network. Unsaturated carbon bonds and functional groups like alcohol and aldehyde are 

susceptible to chemical oxidation [51]. Oxidizing acids, such as nitric acid, are more prone to react 

with a coating resin and result in greater damage than non-oxidizing acids [34]. Ester bonds of a 

coating resin can undergo transesterification in the presence of small alcohols. For example, a 

polyester film exhibited decreases in weight and flexural strength after immersion in ethanol, 

which was caused by a transesterification reaction between the ester bonds and ethanol [35]. 
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Hydrolysis, transesterification and oxidation reactions can all result in bond cleavage, thereby 

reducing the crosslinking density and deteriorating the coating performance. 

 

 Characterization methods 

To give long-term protection, it is critical for coating films to have excellent mechanical properties. 

Organic coatings should maintain their original shape, and resist deformation by external forces 

during service. Hardness and elasticity are two of the most important characteristics to describe 

coating mechanical properties. This section will introduce the methods to characterize coating 

hardness and viscoelasticity as well as their underlying mechanisms. 

 

1.4.1 Pendulum hardness 

Pendulum hardness is a conventional physical test and has wide application in the coating industry 

for evaluating the mechanical properties of the coating films [52–56]. In Europe, König and Persoz 

pendulum tests are used [52,53]. Figure 1.18 shows pictures of the König pendulum hardness test 

and a König pendulum.  

 

Figure 1.18. (a) Pendulum hardness test with a zoomed view of two pivot balls resting on a coating 

film (red circle). (b) König pendulum with two pivot balls. [57] 

(b) (a) 
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The pendulum contacts with a horizontal coating film through two pivot balls. The pendulum 

performs a reciprocating swing motion and the movement of the balls on the coating surface results 

in energy dissipation and thereby makes the amplitude to decrease with time. Fox and Freeman 

[58] proved that the energy dissipation was mainly attributed to the viscous flow of the solid 

surface under the pendulum pivot balls. Pendulum hardness can be quantified as the time for the 

amplitude to decrease from 6 to 3° in the case of the König pendulum and from 12 to 4° in the 

Persoz test. Pendulum hardness is based on the assumption that harder coatings give longer swing 

times. Sato [52] demonstrated that pendulum hardness measures the viscoelasticity of coating films 

and is proportional to the reciprocal of the damping capacity. 

 

1.4.2 Dynamic mechanical analysis  

Dynamic mechanical analysis (DMA) is widely used to characterize the mechanical properties of 

organic coatings [47,50,53,59–64]. DMA works by applying a small sinusoidally oscillating stress 

to a sample and causes sinusoidal deformation. The relationship between the oscillating stress and 

strain helps to determine viscoelastic properties of the sample. DMA measures stiffness and 

damping, reported as complex modulus and tan (δ), respectively. As a sinusoidal force is applied, 

the complex modulus can be expressed as an in-phase component, the storage modulus (Eʹ) and 

an out-of-phase component, the loss modulus (Eʹʹ). The storage modulus represents the elastic 

response of the sample whereas the loss modulus measures the viscous behaviour. The ratio of the 

loss modulus to the storage modulus is the tan (δ). This ratio is also called the damping or loss 

factor, indicating the energy dissipation due to molecular rearrangements and internal friction [61].  

DMA temperature scanning provides a sensitive method to investigate the relaxation processes 

and various transitions of an organic coating [61]. In the temperature scanning, the constant 

frequency and amplitude of oscillating stress are applied while the temperature is increased. The 

results of temperature sweeps are displayed as storage and loss moduli as well as tan (δ) as a 

function of temperature. Figure 1.19 presents typical DMA results of an organic coating film after 

a dynamic temperature sweep test. As the temperature rises above the glass transition temperature, 

the moduli decline significantly. The peak of tan(δ) is commonly assigned as the glass transition 

temperature of the sample [47,50,53,59–63].  
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Figure 1.19. Dynamic mechanical properties of an acrylic coating film (solid lines). Dashed lines 

indicate values Eʹ(min), tan δ(max). The glass transition temperature (Tg) is determined from tan 

δ(max). Reprinted from [53] by permission of John Wiley and Sons ©. 

 

 Conclusions 

Epoxy-amine and polyurethane coatings are extensively used to protect metallic structures in 

corrosive environments. For chemical and solvent resistance in harsh (heavy duty) applications, 

novolac epoxy coatings are preferred. The film formation of a two-component solvent-borne 

coating involves simultaneous solvent evaporation and chemical curing. A two-stage curing 

process has been used to describe the film formation process. In stage 1, the solvent evaporation 

process is determined by the external mass transport of solvent, and the curing rate is controlled 

by the chemistry of binder, curing agent and catalyst. In stage 2, the solvent evaporation and curing 

reaction both become diffusion-controlled and are significantly reduced. The external ventilation 

conditions mainly have an effect in the stage 1 by contributing to the removal of evaporated solvent.  

During service, organic coatings undergo physical and/or chemical degradation when exposed to 

chemicals. Common physical degradation includes swelling and loss of mechanical properties, 

which often results from water and organic molecules, whereas hydrolysis, transesterification and 

oxidation are common examples of chemical degradation, which are mostly caused by aqueous 

electrolyte solutions. Organic solvents are generally considered to induce physical degradation.  
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Chapter 2  

Hypotheses of the project 

This chapter summarizes the scientific hypotheses underlying the research work and based on the 

information provided in the literature survey. The hypotheses fall into two main parts. 

 

Part I Curing under evaporation-suppressed conditions 

The film formation of a thermoset coating involves simultaneous evaporation of solvent and 

chemical curing. Solvent evaporation is directly influenced by the ventilation conditions; the 

evaporation rate decreases with the rise of solvent concentration in the environment, potentially 

resulting in the trapping of solvents. In a single-layer coating, the residual solvent is expected to 

only work as a plasticizer and decrease the coating mechanical properties. Moreover, in a 

multilayer coating system, interlayer migration of the residual solvents can take place with 

subsequent side reactions between the migrating solvent and the binder or curing agent in the upper 

coating layer. Alcohols are often co-solvents in epoxy primers and have high reactivity towards 

the isocyanate curing agents in the polyurethane topcoat. Therefore, side reactions are highly 

possible when interlayer migration of alcohols take place. The hypotheses of this part are: 

1. The evaporation-suppressed conditions lead to trapping of solvents in organic coatings and 

result in adverse effects on the mechanical properties of the coating. 

2. Interlayer migration of solvents in a multilayer coating system can take place and side reactions 

occur when the migrating solvents get into contact with the binder or curing agent. 

 

Part II  Methanol degradation 

Methanol, a polar organic solvent, can swell a coating matrix and is able, via the hydroxyl group, 

to form hydrogen bonds with the polar groups of the coating matrix. Chemical degradation like 

hydrolysis or oxidation, on the other hand, is not likely due to the low acidic and non-oxidizing 

properties of methanol. Therefore, methanol is expected to result in physical degradation only. 

Due to a plasticizing effect, methanol can decrease the coating mechanical properties. Methanol 

can also boost coating segmental mobility, thereby increasing the permeability of coatings. The 

scientific hypotheses for this part are: 
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1. Methanol degradation of epoxy-amine and polyurethane coatings is purely physical. 

2. Upon exposure, methanol degrades the mechanical and barrier properties of epoxy-amine and 

polyurethane coatings.  
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Chapter 3  

Simultaneous tracking of hardness, reactant conversion, solids concentration, 

and glass transition temperature in thermoset polyurethane coatings 

 

This chapter investigated the curing of a two-component polyurethane coating under solvent 

evaporation-suppressed conditions and map the influence of external curing conditions on the 

coating mechanical properties. It was written in a manuscript format and accepted as 

“Simultaneous tracking of hardness, reactant conversion, solids concentration, and glass transition 

temperature in thermoset polyurethane coatings” by the peer-reviewed journal Journal of Coatings 

Technology and Research. The authors included in the manuscript are Ting Wang, Juan José 

Segura, Erik Graversen, Claus Erik Weinell, Kim Dam-Johansen and Søren Kiil. 

 

Abstract 

In this work, the curing and hardness evolution of a two-component polyurethane (PU) coating in 

four different environments, three of which were solvent evaporation-suppressed conditions, were 

studied. In contrast to previous studies, the simultaneous use of Fourier-transform infrared 

spectroscopy, gravimetric analysis, and pendulum hardness, allowed a transient mapping of the 

degree of isocyanate conversion, solids concentration, and coating hardness. Furthermore, to 

explore in more detail the coupling of the underlying mechanisms, the evolution in the average 

coating glass transition temperature was estimated by dynamic mechanical analysis, and the data 

simulated using the so-called Kelley-Bueche equation. For the curing conditions investigated, the 

final coating hardness differed by a factor of two, with the lowest values obtained for the 

evaporation-suppressed conditions. Due to the isocyanate groups reaching full conversion for all 

four series, the reason for the lower hardness was attributed entirely to the plasticizing effect of 

residual solvent. Using a K value of 0.687 in the Kelley-Bueche equation, the coating glass 

transition temperature as a function of the PU volume fraction could be successfully simulated, 

and was found to increase from about 282 K at a volume fraction of 0.79 to 319 K at one of 0.93. 

In addition, when the experimental temperature was lower than the coating glass transition 

temperature, a proportional increase of the pendulum hardness with the reciprocal loss factor was 

seen. The effects of catalyst concentration in the coating were also investigated, and this parameter 



29 

 

was found to have a strong influence on both the surface conversion, the solids concentration, and 

the coating hardness. A too fast curing rate shortens the time to vitrification, after which the solvent 

evaporation rate becomes diffusion-controlled and very low, leading to higher residual solvent 

contents and significantly lower hardness values. The results obtained provide guidelines for how 

to optimize ventilation conditions during the curing of solvent-based, thermoset PU coatings. 

 

Nomenclature 

ANCO  Area of the NCO peak in FTIR spectra, dimensionless 

ARef  Area of the Ref peak in FTIR spectra, dimensionless 

ATR  Attenuated total reflectance 

CC  Closed container 

CR  Climate room  

DBTDL Dibutyltin dilaurate 

DFT   Dry film thickness, µm 

DMA  Dynamical mechanical analysis  

K  Ratio of the thermal-expansion coefficient of polymer to solvent 

MAK  Methyl amyl ketone 

MEK   Methyl ethyl ketone  

Mw  Molecular weight, g/mol 

NCO   Isocyanate group 

PU   Polyurethane  

R, R’   Alkyl or aryl groups 

Ref  Reference 

RH  Relative humidity 

SMC   Sheeting molding compound 

t  Time, s 
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t0  Time zero 

Tg  Glass transition temperature, K 

Tm  Melting temperature, K 

WFT   Wet film thickness, µm 

XNCO  Conversion of isocyanate groups 

ϕp  Polymer volume fraction 

 

Subscripts 

m  Polymer-solvent mixture 

p  Polymer 

s  Solvent 

 

 Introduction 

High-performance, organic coatings are widely applied to prevent corrosion of steel structures, 

such as ships, wind turbines, bridges and oil rigs. Due to environmental concerns, the solvent-free 

or water-based coatings are becoming increasingly popular in most sectors, but in the heavy-duty 

industries, where large structures are often coated under conditions of high humidity (tropical 

areas), solvent-based coatings still play a very important role.  

A solvent-based coating formulation consists of binders, pigments, fillers, additives and solvents 

[2], and the curing reaction between binder(s) and curing agent(s) results in a three-dimensional 

network structure, providing barrier properties to the coating. Organic solvents, present in the 

formulation, help to dissolve components of the coating formulation and promote efficient mixing 

of the resin and the curing agent during the application [65]. Solvents also lower the viscosity of 

the liquid coating to allow proper application by spraying [2]. Despite these advantages, solvents 

can have negative effects on the coating properties when trapped inside the coating system after 

completion of the curing process. Residual solvents can reduce the hardness, glass transition 

temperature, and mechanical moduli of the coating system, which all together undermine the 

desired mechanical and anti-corrosive properties [11,65].  
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In so-called evaporation-suppressed environments, the solvent concentration in the air goes up 

over time, which significantly slows down the solvent evaporation rate and prolongs the curing 

time. Under such conditions, the amount of residual solvents in the coating increases. Examples 

include coating application inside ballast tanks, so-called painting shelters or other confined spaces 

[12], or inside a paint shop without proper ventilation (e.g., limited ventilation during non-active 

periods).  

Two-component PU coatings are known for their outstanding chemical resistance and excellent 

weather resistance and they are commonly applied as topcoats for UV radiation protection of 

underlying coating layers. Factors like temperature, air velocity, relative humidity (RH), and 

solvent concentration in the surrounding environment, play an important role in the curing of these 

coatings, especially in an evaporation-suppressed environment. However, this is not a well-

researched area.  

Esmaeilpour et al. [66] investigated the surface characteristics of PU coatings under different 

curing conditions in a closed box. Due to the slower solvent evaporation rate, films cured for 20 

days had a lower roughness and contact angle than samples cured for 10 days under ambient 

conditions. Vessot et al. [67], on the other hand, studied the effect of temperature and substrate 

type on the curing of two-component PU-based coatings. They observed that the full conversion 

of the isocyanate group took more than one hour at temperatures below 100 ℃. When the coating 

was applied on a steel substrate, as opposed to a sheeting molding compound (SMC), a faster 

curing reaction was measured, which was attributed to the high thermal conductivity of the steel 

plate (a faster reaction temperature increase). In addition, the porous nature of the SMC substrate 

caused an ingress of solvents and reactants from the coating system, which also reduced the rate 

of curing reaction. 

Huang et al. [56] explored the influence of resins with different acid values and temperature on 

the curing of PU coatings using the pendulum hardness test. The increase of curing temperature 

and acid value of the resin accelerated the increase in the coating pendulum hardness, but the final 

hardness, due to very similar crosslinking densities, was the same. Shekhar et al. [68] studied the 

curing of a solvent-based epoxy coating in the environment of a sub-ambient temperature or high 

RH. They concluded that a low temperature or a high RH resulted in an increase of the drying time 

of epoxy coatings, giving poor adhesion to the substrate and scratch resistance. In the environment 
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of high RH, the presence of polar water molecules interferes and reduces coating adhesion to the 

substrate. Kiil [12] developed a model to simulate, amongst other, the influence of wind velocity 

and bulk air concentration of solvent on the curing process of a thermoset PU coating, and 

compared the results to experimental data obtained by Dušková-Smrčková and Dušek [14]. 

Simulations showed that a lower wind velocity or higher bulk air concentration of solvent (less 

than 10 % of the saturated vapour concentration of solvent)  caused longer drying time, but also 

that the final solvent retentions were practically the same. 

In this work, with the aim of providing practical guidelines and study the underlying mechanisms, 

the curing of a PU coating under suppressed ventilation (evaporation) conditions was studied. 

Compared to previous investigations, we have sought to provide a complete transient analysis, 

including coating hardness, reactant conversion, solids concentration, and coating glass transition 

temperature.  

 

 Overview of the mechanisms underlying simultaneous solvent evaporation and 

chemical curing of a thermoset PU coating 

Solvent evaporation and chemical curing are strongly coupled processes in the formation of a 

thermoset coating layer. A two-stage curing process has commonly been used to describe the film 

formation process [11,12,15]. In stage 1, where coating components have full mobility, the rate of 

solvent evaporation is more or less constant and determined by the external mass transport of 

solvent, whereas the rate of curing is controlled by the intrinsic chemical properties of reactants 

and catalyst. As solvent evaporates and binders crosslink, gelation, at some point in time, takes 

place when the first insoluble infinite molecule is formed and the viscosity becomes infinite 

[11,13]. The so-called vitrification phenomenon, on the other hand, which has been shown to cause 

an increase in the solvent diffusion resistance [11,15], begins when the glass transition temperature 

of the film becomes equal to the curing temperature, thereby initiating stage 2. During this stage, 

the solvent evaporation rate rapidly drops and becomes intrafilm diffusion-controlled, and the rate 

of curing is dominated by the segmental mobility of reactive groups.  

The initial rate of solvent evaporation depends entirely on the vapour pressure of the pure 

solvent(s), but the binder-solvent interaction becomes more important as the curing reaction 

progresses towards high degrees of curing. This explains why methyl amyl ketone (MAK) has 
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lower initial evaporation rate than methyl ethyl ketone (MEK), but a higher final solid weight 

fraction when used as the solvent in a thermoset PU coating [14]. MAK has a higher solvent 

activity that MEK and thus a higher evaporation rate during the diffusion-controlled stage 2. The 

crosslinking reaction and the solvent evaporation are strongly coupled in that a high crosslinking 

reaction rate can result in an increase in residual solvent. This is because the fast curing reaction 

reduces the segmental mobility of the coating system, which shortens the time until stage 2 begins. 

Hence, Dušková-Smrčková and Dušek [14] observed a higher solvent retention when a high 

catalyst concentration was used in a PU formulation. 

 

 Experimental 

Sample preparation 

A polymeric polyol (HEMPATHANE HS 55619) (Base) and 1,6-hexamethylene diisocyanate 

(HEMPEL'S CURING AGENT 97050) (CA) were supplied by Hempel A/S, Denmark. The PU 

coating was prepared with a mixing weight ratio of CA/Base of 0.109 (small excess of isocyanates). 

The solids concentration of the PU formulation is 76.7 wt%, of which 16.5 ± 2.7 wt% is naphtha 

(light C9 aromatic petroleum). The remaining is a mixture of additional solvent (e.g., xylene and 

n-butyl acetate). The catalyst in the PU formulation was dibutyltin dilaurate (DBTDL). Calcium 

carbonate (CaCO3, ≥ 97 wt%) was used as a filler in a concentration of 9.1 wt% in the PU 

formulation. 

Using a Baker film applicator with a gap size of 100 µm and a width of 80 mm, the coating was 

applied on a glass panel of 100 mm × 150 mm by drawdown application. The coating films were 

cured under different transient conditions as specified below. The initial wet film thickness (WFT) 

was approximately 70 µm (as a rule of thumb taken as 70 % of the applicator gap of 100 µm) and 

the final dry film thickness (DFT) was approximately 50 µm with a volume solids ratio of 67 %. 

To obtain free PU films, the formulations were cured on polypropylene substrates and first cured 

in the climate room (CR) (see later) condition for two weeks and then post-cured at 60 ℃ for 48 

hours. Using an Elcometer 355 coating thickness gauge, the final DFT was measured to 162.4 ± 

4.8 μm and the solids concentration to 96.8 wt%. 
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Curing conditions  

The PU coatings were cured in a climate room at 23.2 ± 0.1 ℃ and the RH 54.5 ± 1.1 %. Four 

different curing conditions, provided in Table 3.1, were established. In the CR condition, coatings 

were cured without any restrictions. In the closed container (CC) condition, two coated panels 

were placed in a closed three-litre plastic container covered with a lid, which simulates the 

inadequate ventilation condition found in a closed environment where the air velocity is close to 0 

m/s (only natural convection takes place). The CC-CR condition approaches a real-life ventilation 

condition in the industry where coatings are first cured in the paint shop with low ventilation for 

the first day and then moved outside into the open air. In the CC-Naphtha condition, a certain 

amount of naphtha (specified below) was placed in a small cup inside the container, next to the 

coating sample. The CC-Naphtha condition ensured that additional solvent evaporated and 

suppressed the evaporation of solvent from the PU films. This environment was established to 

study the influence of trapped solvent on the hardness of the cured PU films.  

 

Table 3.1. The four different curing conditions used in the experiments. CR=Climate Room, 

CC=Closed Container. 

Curing 

conditions 
Description 

CR Coated panels cured in the climate room. 

CC-CR 
Two coated panels cured for one day in a closed container, followed by curing 

in the climate room. 

CC Two coated panels cured in a closed container. 

CC-Naphtha 
Two coated panels cured in a closed container in the presence of a specified 

amount of naphtha (in separate pitch). 

 

Experimental procedures 

Five series of experiments were performed in this work. In the first, the effects of curing conditions 

on hardness were studied for PU films cured under the CR, CC-CR and CC conditions for 14 days, 

while conducting weight measurements, FTIR spectroscopy, and hardness measurements. An 

analytical balance from Sartorius (ENTRIS623I-1S), with an accuracy of 0.001 g, was used for 
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the weight loss measurements. The influence of residual solvent on the mechanical properties was 

investigated. In the second series, a total of eight groups of PU films were cured for seven days 

under the CR, CC and CC-Naphtha conditions. Under the CC-Naphtha condition, the amount of 

additional solvent present in the container was 0.1, 0.2, 0.4, 0.8, 1.0 and 2.0 g, corresponding to 

0.06, 0.15, 0.23, 0.53, 0.68 and 1.15 g naphtha/(g initial wet coating), respectively, for a WFT of 

approximately 70 µm and a surface of approximately 100 cm2. In the third series, PU films were 

first cured for 14 days under the CC-Naphtha conditions (1.27 g naphtha/(g initial wet coating)) 

and then heated to 60 C in an oven for various time intervals to remove the residual solvent and 

subsequently cooled for 30 min. In the fourth series, the free rectangular PU films (30 mm × 10 

mm) were first immersed in naphtha for one hour and then taken out for drying at various times to 

remove residual solvent. At this point in time, the dynamical properties were measured. In the last 

series, the catalyst concentration was varied (0, 70, 350 and 1000 ppmw) to study the effect of this 

parameter on the curing of the PU coating. 

 

FTIR spectroscopy of the coating samples 

Using a Thermo Scientific Nicolet iS5 FTIR spectrometer equipped with iD7 attenuated total 

reflectance (ATR) diamond crystal, ATR-FTIR spectra were collected. A total of eight scans were 

performed in the range of 500 to 4000 cm-1 with a resolution of 4 cm-1 for each FTIR spectrum. 

The FTIR spectra in each PU film were collected at two positions.  

From the disappearance of the isocyanate peak at 2273 cm-1, the FTIR spectra could be used to 

obtain the isocyanate conversion degree. The peak at 875 cm-1, attributed to out of plane bending 

of carbonate ions from calcium carbonate [69,70], was used as a reference (Ref). The amount of 

calcium carbonate is constant during the curing reaction, and thereby useful as an internal standard. 

The isocyanate surface conversion was calculated as follows: 

 XNCO = (1 −
𝐴NCO,𝑡/𝐴Ref,𝑡

𝐴NCO,𝑡0
/𝐴Ref,𝑡0

 )                                    (3.1) 

where 𝐴NCO,𝑡0
 and 𝐴Ref,𝑡0

 are the initial area of the NCO peak and the Ref peak, respectively, and  

𝐴NCO,𝑡 and 𝐴Ref,𝑡 are the area of NCO peak and Ref peak at time t, respectively. When neglecting 

side reactions, the isocyanate conversion can be taken as the curing degree of the PU coating.  
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Pendulum hardness measurements 

The hardness of the PU films on glass panels was measured with a Pendulum Hardness Tester 

Model 299/300 from ERICHSEN according to the König method (DIN ISO 1522) [71]. During a 

measurement, the pendulum was placed at the coating surface and deflected 6°, whereafter the 

pendulum was released and the number of swings recorded for the amplitude of swing to decrease 

from 6° to 3°. The time for the amplitude of swing to decrease was calculated by multiplying the 

number of swings by 1.4 s (the period of an oscillation for the König method). This time is taken 

as the hardness of the coating.   

 

Dynamic mechanical analysis 

Using a rheometer DHR-2 (TA Instruments) with a Film/Fiber Tension geometry, a dynamical 

mechanical analysis (DMA) was performed on free PU films. Scans were run at a rate of 5 ℃/min 

under 25 μm axial displacement at a frequency of 1 Hz.  

 

 Results and discussion 

The effects of curing conditions, residual solvent concentration, and catalyst concentration on the 

mechanical properties of the PU coatings were investigated and will be presented in the coming 

paragraphs. 

 

3.4.1 FTIR analysis 

In the curing process of PU films, isocyanate and hydroxyl groups are consumed, while a urethane 

group is formed (Scheme 3.1).  

 

 

Scheme 3.1. Crosslinking reaction of an isocyanate and a polyol to form a urethane linkage. R and 

R’ symbolize alkyl or aryl groups. 
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As illustrated by FTIR spectra in Figure 3.1, a pronounced peak at 2273 cm-1, due to the NCO 

asymmetric stretching (va-N=C=O) and a broad hydroxyl stretching vibration (v-OH) peak at 3500 

cm-1, is observed to decrease with the progress of the curing reaction, indicating the consumption 

of reactants, whereas the amine stretching vibration peak (v-NH) at 3370 cm-1 increases due to the 

formation of urethane groups [63,72,73]. As expected, the Ref peak (v-CO3
2−) area at 875 cm-1 

stays almost constant during the curing process. The initial absorbance intensity (at time zero) is 

lower than the later absorbance intensity; this is caused by the high solvent content at time zero. 

After curing for 14 days, the isocyanate peak disappears, implying the completion of the curing 

reaction.  

 

 

Figure 3.1. ATR-FTIR spectra of the PU film on glass cured under the climate room (CR) 

condition.  

 

3.4.2 Effect of curing conditions on hardness 

To investigate the influence of curing conditions on the curing process, PU films were cured under 

the CR, CC-CR and CC conditions (see Table 3.1 for abbreviations). Under the CR condition, the 

evaporation of solvent is fast in the first six hours and then decreases to a much lower value as 

shown in Figure 3.2(a).  



38 

 

 

 

 
  

Figure 3.2. Curing of PU films under different curing conditions: (a) The increase of solids 

concentration during solvent evaporation, (b) The surface conversion of isocyanate groups in the 

coating, and (c) The hardness development of the coating. The data for the CR and CC-CR 

conditions was obtained from the one group of PU films with various curing times, while the data 

for the CC condition was obtained from a total of seven groups of PU films with various curing 

times. The standard deviation is shown with error bars in all three plots. 

(b) 

(c) 

(a) 
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The solids concentration stabilizes at 96.5 wt%. When comparing the solids concentration curves 

under the three curing conditions, it can be seen that more solvent is trapped inside the PU film 

when the ventilation condition becomes more severe. When cured under the CC-CR condition, the 

PU films continuously lose weight within the first two days. The final solids is about 95.8 wt%, 

which is 0.7 wt% less than that of samples cured in the CR condition. When cured under the CC 

condition, the final solids concentration is 94.7 wt%, which is about 1.8 wt% lower than the CR 

condition. The evaporation-suppressed condition leads to the trapping of solvent inside the film. 

As shown in Figure 3.2(b), the initial isocyanate consumption rate is faster within the first day and 

then gradually slows down. This is due to the high initial concentration and mobility of reactants 

[13]. When it comes to the curing rate under different conditions, the evaporation-suppressed 

condition helps to boost the curing reaction of the PU films. The latter has a similar conversion 

rate of isocyanate groups initially (see Figure 3.2(b)), but after two days, the PU film has the 

highest conversion when cured under the CC condition. This can be explained by an increased 

consumption of isocyanate groups because of the improved polymer segmental mobility as more 

residual solvent is trapped, as seen in Figure 3.2(a). Whatever the curing condition is, the final 

isocyanate conversion reaches about 100 % after curing for two weeks. As the conversion of the 

isocyanate groups in the surface layer is lower than in the bulk [14], it can be concluded that the 

PU film was fully cured after 14 days. This indicates that the curing condition has an insignificant 

impact on the final curing degree. 

Looking at Figure 3.2(c), it can be seen that the pendulum hardness of PU films increases rapidly 

during the first three days when the solvent evaporates and curing reaction proceeds. As the solvent 

evaporation “completes” during the first two days and the isocyanate conversion becomes close to 

100 % after three days, the hardness development of the PU films becomes stable. The final 

hardness is greatly influenced by the curing conditions, and the hardness of PU films cured under 

the CR condition is about twice as high as films cured in the CC condition. Due to the observation 

that the isocyanate conversion under the three conditions all eventually reaches 100 %, the final 

hardness of the PU films must be determined by the amount of residual solvents inside the films 

only. The higher the residual solvent content, the softer the PU films become. In other words, the 

residual solvent works like a plasticizer. Consequently, higher hardness is obtained when less 

solvent is trapped inside the PU film.  
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Before the vitrification of the film (so-called stage 1 behaviour [11]) sets in, the rate of solvent 

evaporation is controlled by the external mass transport of solvent, and the driving force of the 

evaporation process can be quantified based on the solvent partial pressure difference across the 

film-air interface. After curing for six hours, the solids concentration is 89.4 ± 0.4 wt% (CC-CR 

and CC in Figure 3.2(a)) and the corresponding vapour pressure of the solvent inside the three-

litre container was estimated to be 372 Pa at 20 ℃ (376 Pa at 23.2 ℃), that is 93.0 % of the 

saturated vapour pressure, where the concentration gradient is greatly reduced due to the 

accumulation of the solvent inside the container. This significantly reduces the rate of solvent 

evaporation from the PU film. However, in the CR condition, the evaporated solvent can be 

effectively removed from the air-film interphase without hindering the solvent evaporation process. 

Therefore, the evaporation-suppressed condition leads to a reduction of the driving force of the 

evaporation process and thereby increases the trapping of solvent in the PU film.  

With the increase of curing degree and evaporation of the solvent, the PU films start to vitrify 

when the glass transition temperature of the film becomes equal to the curing temperature. In 

Figure 3.2, after curing for two days, when the isocyanate conversion is about 90 % and the solids 

concentration is higher than 93.0 %, all PU films start to vitrify. In stage 2, the solvent evaporation 

becomes intrafilm diffusion-controlled and the rate is significantly reduced because of mobility 

restriction of the coating network [11,12]. Therefore, even though the PU films were taken out 

from the container after one day for the CC-CR condition, the rate of solvent evaporation slows 

down as the curing degree is very high after one day and the films have entered stage 2 after two 

days. The trapping of solvent can, in turn, affect the curing process. During stage 1, the solvent 

retention has a limited effect on the curing reaction as indicated by a similar curve shape in stage 

1 (first two days) in Figure 3.2(b). However, the curing reaction rate becomes different during 

stage 2. The increased rate in the evaporation-suppressed conditions shortens the time prior to 

stage 2, thereby further suppressing the solvent evaporation process. 

 

3.4.3 Effect of residual solvent concentration on the mechanical properties 

Pendulum hardness 

In order to further verify the reduction of hardness caused by the residual solvent, two groups of 

experiments were performed. In the first experiment, additional naphtha was introduced into the 
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gas phase environment (CC-Naphtha condition). As can be seen in Figure 3.3(a), the solids 

concentration decreases (equivalent to more residual solvent in the coating) with the increasing 

amount of naphtha.  

 

    

Figure 3.3. (a) The pendulum hardness and the surface conversion of isocyanate groups (Series 3) 

versus solids concentration of the coating under different curing conditions (the three curing 

conditions and the additional naphtha contents (g liquid naphtha/(g initial wet coating)) are shown 

together with the data points); (b) The increase in pendulum hardness after the removal of the 

residual solvent by heat-treatment at 60 C (Series 4). Standard deviations are shown with error 

bars in both plots.  

 

When 1.15 g liquid naphtha/(g initial wet coating)  was added to the container environment, there 

was still some solvent left in the cup after seven days, suggesting a vapour saturation inside the 

container. Under the CR condition, the film has the highest hardness even though the curing degree 

is about 2 % lower than that cured under the inadequate ventilation conditions. The isocyanate 

conversion is about 99 % when cured under the CC and CC-Naphtha conditions, so that the 

influence of PU curing on the hardness can be neglected. It is clearly seen that the hardness of PU 

film rises with less residual solvent. In addition, an induction period can be observed where the 

hardness does not increase when the solids is lower than 92.5 wt%. In the induction period, the 

content of solvent retention does not influence the hardness and the value of hardness is determined 

by the curing degree.  

In the second experiment, the PU films were pre-cured in the CC-Naphtha condition for 14 days 

instead of seven days so that the PU curing reaction was complete, excluding the influence of 

(b) (a) 
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curing. As shown in Figure 3.3(b), heat treatment can effectively remove the residual solvent and 

increase the hardness of the PU coating. Therefore, the hardness can be improved by removing the 

residual solvent.  Furthermore, the results of Figure 3.3(b) are in agreement with those of Figure 

3.3(a); harder films are obtained with less residual solvent.  

 

Dynamic mechanical analysis 

To determine the effects of the residual solvent on viscoelastic properties of the PU coating, DMA 

measurements were performed on PU free films. The thickness of these films was approximately 

three times that of the PU films on the glass panel. Being a bulk property, the coating average glass 

transition temperature is expected to be uninfluenced by the thickness, that is to say, the PU films 

should have the same glass transition temperature when their solids concentration and curing 

degree are the same. Therefore, the DMA results of the PU free films can be used to elucidate the 

glass transition temperature of a sample with a lower thickness, but the same solids concentration 

and curing degree. In Figure 3.4, storage modulus and loss factor against temperature and as a 

function of solids concentration are plotted.  

 

   

Figure 3.4. DMA results of the PU free films with different solids concentration: (a) storage 

modulus and (b) loss factor [tan (δ)]. 

 

It can be seen in Figure 3.4(a) that PU films with different solids concentration have similar storage 

modulus in both glassy and rubbery regions, suggesting that the increase of residual solvent has 

an insignificant influence on the elasticity in the glassy or rubbery regions. This may be attributed 

(a) (b) 
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to the non-polar naphtha not being able to alter the hydrogen bonding interaction between polymer 

chains. However, a polar solvent, e.g., water, was reported to greatly decrease the storage modulus 

of an epoxy resin [46,59] because the presence of water disrupts the interchain hydrogen bonds in 

the epoxy resin. In Figure 3.4(b), with the increase of the solids concentration, the peak of tan (δ) 

shifts to a higher temperature and the peak height is slightly increased. This is due to the 

plasticizing effect of the solvent on the PU coating.  

Following the method of Berry et al. and Nogueria et al. [46,59], the glass transition temperature 

was determined from the peak position of the tan (δ) curve and the results are shown in Figure 3.5, 

where the glass transition temperature is seen to be nearly proportional to the solids concentration.  

 

 

Figure 3.5. The transient change of the average glass transition temperature against the solids 

concentration of the free PU films (16 samples in total were used for the plot). The standard 

deviations are shown with error bars. 

 

The low-molecular-weight solvent disrupts the interchain Van der Waals force resulting in an 

increased chain segmental mobility, thereby decreasing the glass transition temperature. In Figure 

3.5, the solids concentration is about 93.0 wt% when the glass transition temperature is equal to 

23.2 ℃ (the curing temperature). This solids concentration is regarded as the onset of the 

vitrification when the PU film is fully cured. This confirms the vitrification point observed in 

Figure 3.2, where the solids concentration should be higher than 93.0 wt% when the curing degree 

is about 90.0 %. This also explains the induction period observed in Figure 3.3(a) and (b) at a 
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solids concentration lower than 93.0 wt%; hardness barely increases when the coating is in the 

rubbery state.  

The Kelley-Bueche equation [74], derived from the free volume model, is widely used to estimate 

the glass transition temperature of polymer-diluent systems:  

𝑇g,m =  
(1 − 𝜙p)𝑇g,s + 𝐾α𝜙p𝑇g,p

1 − 𝜙p +  𝐾α𝜙p
                                                               (3.2) 

where ϕp is the polymer volume fraction, Kα is the ratio of the thermal-expansion coefficient of 

polymer to solvent, and Tg,s and Tg,p are the glass transition temperature of the solvent and solvent-

free polymer, respectively. 

The influence of a non-polar solvent on the polymer network can be described by the free volume 

theory, whereas the solvent-polymer interactions should be taken into account for polar solvents 

like water [46,74]. Therefore, the Kelley-Bueche expression is suitable for estimation of the glass 

transition temperature of the PU-naphtha mixture, Tg,m [11,75]. The glass transition temperature 

of naphtha (Tg,s) was calculated from the following equation [11] 

𝑇g,s = 𝑇m,s(0.6 + 3 ∙ 10−4𝑀w,s)                                                               (3.3) 

where the melting point of naphtha, Tm,s, is 203.5 ± 25.9 K [76] and Mw,s of naphtha is 120 g/mol. 

The estimated Tg,s is 131.9 ± 16.7 K. Equation 3.2 was used to simulate the experimental data using 

the least-squares method where Tg,s was fixed at 131.9 K, Tg,p initially set to 337.1 K, which was 

obtained by linear extrapolation of experimental data when ϕp = 1.0, and Kα was initially taken to 

0.545 [11]. In Figure 3.6, comparisons of simulation and experimental data are shown. A 

reasonably good agreement can be seen. The fitted value of Tg,p is 339.4 K and is quite close to the 

linear extrapolated value. The satisfactory agreement verifies the assumption of the additivity of 

free volume for the PU-naphtha system [77]. The free volume added by the residual solvent 

reduces the glass transition temperature of the system.  
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Figure 3.6. Comparison of simulation and experimental data of the average glass transition 

temperature of the free PU films, Tg,m,  against the PU solids volume fraction, ϕs of cured coatings. 

Tg,s = 131.9 K, Tg,p = 339.4 K, and Kα = 0.687. Standard deviations are shown with error bars. 

 

Pendulum hardness and the loss factor 

For a coating, the pendulum hardness is, in general, proportional to the reciprocal of the damping 

capacity [52,55], the latter of which is the ability to absorb vibration by internal friction, thereby 

converting mechanical energy into heat. Commonly, the loss factor, also known as the damping 

coefficient (i.e., the ratio of the energy dissipated per cycle to the energy stored [78]) is used to 

characterize damping capacity and in Figure 3.7, the pendulum hardness is plotted against the 

reciprocal of the loss factor. 

A proportional increase of pendulum hardness can be observed with increasing values of the 

reciprocal loss factor for solids concentrations above 93.6 wt%. However, when the solids 

concentration is lower than 93.1 wt%, the hardness declines as the reciprocal value of the loss 

factor increases. This decline of hardness is probably caused by a change in the contact area 

between the pendulum pivot ball and the PU film. When the solids concentration is lower than 

93.1 wt%, the glass transition temperature is below 23.2 ℃ (the curing temperature, see Figure 

3.5), and the PU films are in the rubbery state, providing a significantly higher contact area. In the 

pendulum hardness test, pendulum attenuation is mainly attributed to the energy dissipation caused 

by viscous flow of the solid under the pendulum pivot and the energy dissipation is proportional 

to the contact area [58]. Despite the higher value of the reciprocal loss factor, the increase of the 

contact area increases the pendulum attenuation and thus reduces the pendulum hardness when the 
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coating films are in the rubbery state. However, when the films are in the glassy region, the change 

of the contact area can be neglected so that the pendulum hardness exhibits an inversely 

proportional increase with the loss factor. Therefore, it can be concluded that pendulum hardness 

is only inversely proportional to the loss factor when the glass transition temperature of the PU 

coating is higher than the environmental temperature.  

 

 

Figure 3.7. The pendulum hardness plotted against the reciprocal of the loss factor, i.e., 1/Tan (δ), 

at 23.2 ℃ with solids concentrations of PU films indicated at each data point. To obtain the loss 

factor, linear interpolation between two data points, adjacent to 23.2 ℃, in Figure 3.4(b) were used. 

The pendulum hardness was estimated using the three-order polynomial fit (R2 = 0.9994) of the 

data in Figure 3.3(b). Standard deviations are provided with error bars. 

 

3.4.4 Effect of catalyst concentration on hardness of coatings 

Organotin compounds are the most common and reactive catalysts for the urethane formation 

reactions [79]. The influence of catalyst concentration on the curing of the PU films is shown in 

Figure 3.8.   
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Figure 3.8. Influence of catalyst concentration on the curing of PU films: The increase of solids 

concentration during solvent evaporation (a) the CR condition and (b) the CC-CR condition; The 

surface conversion of isocyanate groups in the coating (c) the CR condition and (d) the CC-CR 

condition; The hardness development of the coating (e) the CR condition and (f) the CC-CR 

condition. Standard deviations are shown with error bars in all six plots.  

 

(a) (b) 

(c) (d) 

(f) (e) 
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With a higher amount of organotin catalyst, the rate of the curing reaction between isocyanates 

and polyols is expected to increase (until a potential saturation). This can be clearly seen from 

Figure 3.8(c) and (d) where PU samples with 1000 ppmw catalyst have the fastest consumption of 

isocyanates while PU samples without catalyst have the lowest reaction rate. However, a fast 

curing reaction has a negative effect on the solvent evaporation process in that it increases the 

residual solvent, which can be seen in Figure 3.8(a) and (b). A fast curing reaction shortens the 

curing time of PU films to the glassy state, where the solvent evaporation becomes diffusion-

controlled. In comparison with the solvent evaporation under the CR condition, the amount of 

organotin catalyst has less influence under the CC-CR condition. Under the evaporation-

suppressed condition, the buildup of solvent in the environment plays a more important role in 

controlling the solvent evaporation rate. Therefore, less of a difference of final solids concentration 

is observed under the CC-CR condition (Figure 3.8(b)) compared to that under the CR condition 

(Figure 3.8(a)). 

Despite the lowest hardness after curing for one day (Figure 3.8(e) and (f)), the PU films without 

catalyst have the highest hardness after curing for 14 days. A low catalyst concentration slows 

down the curing reaction, but helps the solvent evaporation process and minimize the amount of 

residual solvent. When a sufficient curing time (more than one day) is allowed, it is recommended 

to cure a PU film without catalyst. 

 

 Conclusions 

A quantitative analysis of the simultaneous solvent evaporation, chemical curing, glass transition 

temperature, and hardness development of a series of PU coatings under freely evaporating and 

evaporation-suppressed conditions was conducted. Under the evaporation-suppressed conditions, 

the solvent evaporation rate goes down, while the rate of curing reactions increase. The overall 

result, due to a solvent plasticizing effect, is that the glass transition temperature and the hardness 

of the coating both decrease. 

The Kelley-Bueche equation was successfully used to simulate the coating glass transition 

temperature as a function of the PU volume fraction, and provided insight into the hardness 

reduction mechanism.  In addition, a higher concentration of organotin catalyst was observed to 

have a negative effect on the final coating hardness.  
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In a practical situation, to obtain the required hardness of thermoset organic coatings, it is 

important to ensure sufficient evaporation of the solvent(s). This can be done with adequate 

evaporation rates and by reducing the catalyst concentration in the coating. Ventilation conditions 

can also be adjusted to help the curing process, but this only works prior to reaching the 

vitrification point of the coating. Strategies with adequate air flow and exchange rates, and 

sufficiently high curing temperatures can be used to ensure the right solvent evaporation rates. 
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Chapter 4  

Interlayer molecular migration and reaction in an epoxy-polyurethane 

coating system: Implications for the system hardness 

 

This chapter investigated the curing of an epoxy-polyurethane coating system under the solvent 

evaporation-suppressed conditions, and the influence of interlayer migration of 1-butanol on the 

system hardness was explored. It was written in a manuscript format and will be submitted to a 

peer-reviewed journal. The authors to be included in the manuscript are Ting Wang, Rong Li, Juan 

José Segura, Erik Graversen, Claus Erik Weinell, Kim Dam-Johansen and Søren Kiil. 

 

Abstract 

Curing of coatings under solvent evaporation-suppressed conditions, can lead to trapping of 

solvents and subsequent solvent migration into mid- or topcoats in a multilayer coating system. 

Such migrations may have adverse effects on the coating mechanical properties, hardness in 

particular. Using a two-layer epoxy-polyurethane (PU) coating system with a strong practical 

significance for the heavy industry, the aim of the present work was to quantify the migration-

reaction phenomenon for selected alcohols (co-solvents), and map the underlying mechanisms. In 

the experimental series undertaken, the evaporation rate of solvents was measured gravimetrically, 

and the urethane group formation quantified by the use of Fourier-transform infrared spectroscopy 

(FTIR). Simultaneously, the transient hardness development of the epoxy-PU system was followed 

and the coating surface morphology studied with a three-dimensional (3D) profilometer. In 

addition, to estimate the required coating curing time for dry-to-handle conditions, high-pressure 

compression measurements were conducted. 

As expected, due to solvent build-up in a closed exposure chamber, the amount of residual solvents 

in the epoxy-PU coating system increased under the evaporation-suppressed conditions. In 

particular, the residual 1-butanol in the epoxy primer migrated to the PU topcoat, where it reacted 

with the isocyanate reactants. The reduced crosslinking density, as a consequence of this undesired 

reaction, and the simultaneous suppressed solvent evaporation, resulted in an insufficient hardness 

development of the PU topcoat, despite continuous evaporation of solvents and consumption of 

isocyanates were indeed observed. To elucidate the underlying mechanisms, a kinetic study on the 
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reactivity of 1-butanol with the isocyanate crosslinker was also conducted, and it showed a two 

orders of magnitude higher reaction rate than for the polyol reactant in the PU system, which 

explains the negative effects of the 1-butanol migration. In comparison, 2-butanol was less reactive 

towards isocyanates, and could substitute 1-butanol, whereby, under the evaporation-suppressed 

conditions, the hardness development of the epoxy-PU coating system was significantly improved 

and the curing time required for high-pressure dry-to-handle conditions reduced from more than 

eight to four days. The results of this work provide insight and guidelines for how to optimize a 

formulation to obtain adequate curing of the epoxy-PU coating system under evaporation-

suppressed conditions.  

 

Nomenclature 

1B  1-Butanol 

2B  2-Butanol 

2D  Two-dimensional 

2K  Two component 

3D  Three-dimensional 

ANCO  Area of the NCO peak in FTIR spectra, dimensionless 

ATR  Attenuated total reflectance 

Cat  Catalyst 

Ci  Concentration of component i, mol/m3 

DBTDL Dibutyltin dilaurate 

FTIR   Fourier-transform infrared spectroscopy 

HDI   1,6-Hexamethylene diisocyanate  

kC   Rate constant for the catalytic reaction, m3/(mol·s) 

NCO   Isocyanate group 

OH   Hydroxyl group 

PU   Polyurethane  
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PVdF  Poly(vinylidene difluoride) 

(-ri), ri  Rate of reaction i (negative for reactants and positive for products), mol/(m3·s)  

R, R’   Alkyl or aryl groups 

Sa  Arithmetical mean height 

Sz   Maximum height 

Tcure  Cure temperature, K 

Tg  Glass transition temperature, K 

XNCO  Conversion of isocyanate groups 

 

 Introduction 

Organic barrier coatings are widely applied on metal substrates to prevent corrosion, and in highly 

corrosive marine environments (rich in chloride ions), an anticorrosive coating system comprising 

multiple layers of coatings, i.e., a primer, one or several intermediate coats and a topcoat, is 

necessary to obtain adequate protection of the substrate [2]. The primer ensures substrate adhesion, 

the intermediate coat(s) adds barrier thickness, and the topcoat provides an aesthetic appearance 

and protects the underlying layers against degradation by moisture and sunlight, ultraviolet 

radiation in particular. Due to their superior adhesion to metal substrates, epoxy and alkyd resins 

have gained widespread usage as primers [3], and epoxy coatings, due to excellent resistance to 

water, solvent and chemicals, are also extensively used as intermediate coats [2,4]. For top coat 

application, polyurethane (PU) coatings, with their high exterior durability and abrasion resistance, 

are often the choice [2].  

A solvent-based organic coating typically consists of binders, solvents, pigments and additives, 

and in the case of a thermosetting coating, where solvent evaporation and crosslinking can take 

place simultaneously, a three-dimensional (3D) network forms during and after application. 

Additives, present in small amounts, modify coating properties [2], for example, catalysts boosting 

curing reactions, flow and levelling agents enhancing wettability, and plasticizers improving film 

flexibility. However, due to incompatibility issues and concentration gradients in the coating, some 

of these low molecular weight compounds, in addition to unreacted binder molecules and residual 
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solvents, tend to migrate to the coating surface or overlying coating layers, and this may have a 

detrimental effect on the properties of the coating system.  

Studies on the migration of additives are in abundance. One example is the investigation of low 

molecular weight polyamide and phenol, which accumulated near the surface of an epoxy coating 

during natural and accelerated ageing processes [80]. Another is the observation of fluorinated PU 

coatings, exhibiting improved chemical resistance as a consequence of migration and surface 

concentration of fluorinated molecules [81]; the low surface energy of the fluorine atoms was 

believed to establish a thermodynamic driving force for migration. For certain multi-layer marine 

coating systems, the migration of dibutylphtalate (a plasticizer) from the basecoat to the topcoat 

and evaporation of residual solvent were found to take place during artificial weathering tests and 

induce an increase in the glass transition temperature [82]. Crosslinking agents can also migrate; 

during the thermal ageing process, two curing agents (amines) were reported to move to the surface 

of an epoxy adhesive [83].  

In a fully cured coating, the migration of small molecules is usually very slow, several years or 

longer, taking place while the coating ages. The transport rate is influenced by the molecular size 

and structure, the morphology and properties of the coating matrix, and the exposure conditions 

[80]. However, a rapid migration can occur during the curing process, especially prior to the so-

called vitrification point (i.e., when Tcure>Tg) [12,15]. Haack et al. [84] proved a loss of adhesion 

between two coating layers and attributed it to the migration of an anti-catering agent to the surface 

of the epoxy-based electrocoat, where it formed a thin surface layer during the curing process in 

an indirect-fired (i.e., heating with hot air) oven. Due to surface depletion of the additives through 

oxidative and hydrolytic processes, this surface layer was partially removed when curing took 

place in a direct-fired, as opposed to an indirect-fired oven. Hinder et al. [85] investigated the 

migration and segregation of a silicone additive (i.e., a flow agent) in a coating system with a 

polyester/PU based primer and a poly(vinylidene difluoride) (PVdF) based topcoat. The silicone 

additive first segregated at the primer surface, then penetrated the applied topcoat, followed by yet 

another segregation at the coating surface.  

Furthermore, when cured at low ambient temperature or high humidity, so-called amine blush is 

an often seen phenomenon for amine-cured epoxy coatings [21,22], resulting in a whitish, low 

gloss, and oily surface. Generally, amine blush is caused by the migration of curing agents to the 
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coating surface, followed by a reaction of the amine group with CO2 gas and water vapour to 

produce carbonated amine [21]. Due to amine blush at the interface, the PU topcoat, in one study, 

was found to delaminate from the epoxy layer [23]. Gu et al. [22], on the other hand, observed a 

cloudy and rough surface, attributed to amine blush in ambient conditions, and found that the blush 

was minimized by curing the coatings in a CO2-free and water-free glove box. 

In evaporation-suppressed environments (e.g., confined spaces like ballast tanks and painting 

shelters [12,86]), the solvent concentration in the air rises over time, which significantly slows 

down the solvent evaporation rate. In our earlier work [86] (Chapter 3), the evaporation-suppressed 

conditions were found to increase the residual solvent in one-layer PU coatings, thereby reducing 

the coating hardness and the glass transition temperature. For a multi-layer coating system, 

subsequent coating layers are usually applied over a short interval (one day or less), where the 

primer may not be sufficiently cured and coating components still have high mobility. As an 

example, under evaporation-suppressed conditions, more residual solvents are expected to be 

trapped in the primer and be able to migrate into subsequent layers with a significant impact on 

the coating system.  

In the present work, we study a solvent-based epoxy-PU coating system under evaporation-

suppressed conditions, with the aim of investigating and quantifying the influence on the topcoat 

hardness of the molecular migration and reaction of small alcohols. For additional quantification 

of the underlying mechanisms, a kinetic study of the alcohol-isocyanate reaction is also undertaken. 

 

 Previous work on the kinetics of isocyanate reactions with alcohols 

In general, isocyanates react with hydroxyl compounds to form urethanes, as illustrated in Scheme 

4.1, and when using polyols and polyisocyanates as reactants in coatings, the reaction product is a 

3D PU network [25].  
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Scheme 4.1. Schematic illustration of a reaction of an isocyanate and an alcohol to form a urethane. 

R and R’ symbolize alkyl or aryl group. 

 

However, migrating alcohols from underlying layers, can have an adverse effect on the curing of 

the PU topcoat. The small alcohols may consume the functional isocyanate groups of 

polyisocyanates, without contributing to an increase in the crosslinking density.  

Due to the pronounced electrophilic character of the carbon atom of the isocyanate, this chemical 

group has a high reactivity towards nucleophilic alcohols [8,87]. In addition, the reaction can be 

auto-catalyzed by the urethane linkage formed [11,87], and organotin compounds, especially 

dibutyltin dilaurate (DBTDL), exhibit a highly catalytic effect and are commonly used to increase 

reaction rates [8]. As an example, in the presence of 100 ppmw DBTDL, the ratio of the catalytic 

to the non-catalytic reaction rate was found to be 210 [87]. Therefore, when using an 

organometallic catalyst, the non-catalytic reactions are generally neglected.  

The overall rate of an organotin-catalyzed reaction in a nonpolar solvent (of relevance for the 

present work) can be written as [10,11] 

(−𝑟NCO) = 𝑘C𝐶Cat
1/2 

𝐶OH
1/2

𝐶NCO                                                     (4.1) 

where 𝑘C  is the rate constant and 𝐶Cat , 𝐶OH  and 𝐶NCO  are the concentration of the organotin 

catalyst, the hydroxyl groups, and the isocyanate groups, respectively. 

 

 Experimental 

Materials 

The epoxy and PU resins were commercial formulations from Hempel A/S, Denmark, and data 

are provided in Table 4.1.  
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Table 4.1. Data for the coating layers applied.  

Coating Resin Curing agent Solids 

content  

Main 

solvent 

Polar co-

solvent  

Plasticizer 

Epoxy-1B 

(primer) Bisphenol A 

epoxy resin 
Polyaminoamide 86.5 wt% 

10.2 wt% 

xylene 

1.79 wt%  

1-butanol 4.85 wt% 

OH-resina 
Epoxy-2B 

(primer) 

1.79 wt%  

2-butanol 

PU  

(top coat) 

Polymeric 

polyolb 

1,6-Hexamethylene 

diisocyanate (HDI) 
76.7 wt% 

16.5 wt% 

naphtha 
- - 

a: Modified aromatic hydrocarbon resin (solvent-free mixture of diaryl, triaryl and higher 

compounds) with 2-3 wt% hydroxyl content  

b: An acrylic resin having an average molecular weight of 3700 – 4000 g/mol. 

 

The polar co-solvent 1-butanol helps to dissolve polar components, such as epoxy binder and 

amine curing agent, in the epoxy formulation and catalyzes the curing reaction of amines with 

epoxy resins [19]. The OH-resin (a plasticizer) increases the flexibility of the cured epoxy coating. 

The epoxy-2B coating contains the same components as the coating epoxy-1B, except that the 1-

butanol is substituted with the same amount of 2-butanol, intended to improve the hardness 

development of epoxy-PU coating systems under the evaporation-suppressed conditions. The PU 

coating was prepared with a mixing weight ratio of the curing agent to the base of 0.109, and the 

ratio for the epoxy coating was 0.153. Dibutyltin dilaurate (DBTDL) catalyst was used in the PU 

formulation. 

For the kinetic study, HDI was reacted with the polyol, 1-butanol and 2-butanol in naphtha with 

DBTDL. The same HDI, polyol, 1-butanol, naphtha and DBTDL components were used in the PU 

formulation. The 2-butanol (99.5%) was obtained from Sigma-Aldrich Denmark A/S. 

 

Coating application methods 

Two methods (one of them fast, the other more tedious, but with a well-defined surface area), for 

application of epoxy-PU coating systems, were developed. In the first, so-called partial topcoating, 

an epoxy primer was initially applied on a glass panel of 100 mm × 150 mm by drawdown 

application using a Baker film applicator with a gap size of 500 µm and a width of 80 mm. After 
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one day (24 hours), the epoxy primer was partially topcoated with the PU coating using an Erichsen 

spiral film applicator (wire bar applicator) of 100 µm as shown in Figure 4.1(a). Due to a short 

overcoat interval, the epoxy primer was not well cured and rather soft, which made it difficult to 

apply the topcoat using the bar film applicator. Consequently, the spiral film applicator, with a 

small friction force, was used to apply the PU topcoat. 

 

   

Figure 4.1. The two coating application methods. (a) A two-layer epoxy-PU coating system 

applied using the partially topcoated method. (b) A one-layer epoxy coating with the edges 

shielded by adhesive tapes. (c) A two-layer epoxy-PU coating system applied using a fully 

topcoated method. 

 

The second method, leading to a fully topcoated system with a well-defined surface area, was 

developed to gravimetrically quantify the solvent evaporation rate of a two-layer coating system. 

Initially, the edges of a glass plane were covered with polythene adhesive tapes with a thickness 

of approximately 100 µm, and a film applicator with a gap of 500 µm was used to apply the epoxy 

primer. The tape was subsequently removed and the epoxy cured for one day. Prior to application 

of the PU topcoat with the 100 µm spiral film applicator, the edges of the glass panel with the 

epoxy primer were covered again with tapes as shown in Figure 4.1(b). The final fully topcoated 

two-layer epoxy-PU coating system of 50 mm × 100 mm can be seen in Figure 4.1(c).  

The same application procedure as just described was used for the one-layer epoxy coating. 

 

Coating curing conditions 

Two curing conditions, illustrated in Figure 4.2, were used.  

(a) (b) (c) 
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Figure 4.2. Schematic illustration of the two curing conditions for the epoxy-PU coating systems.  

 

In the non-suppressed condition, coatings were cured in a custom-made drying cabinet from 

Davenka A/S, Denmark, inside of which the temperature was constant at 25 ℃ and the centre air 

velocity 0.51 ± 0.05 m/s. The suppressed condition approaches the real-life ventilation conditions 

in industry, where coatings are first cured in a paint shop with low ventilation for the first two days 

and then moved outside into the open air. The panels coated with epoxy primer were cured between 

two polymer lids for one day (Figure 4.3), and then topcoated with PU and cured for another day 

between the lids.  

 

 

Figure 4.3. Cross-section view of an epoxy film on a glass panel cured between two polypropylene 

lids. The air volume in between the lids under the suppressed condition is approximately 340 mL. 

 

The panels were then taken out from the closed lid and cured in the drying cabinet. The same 

curing conditions as just described were used for the one-layer epoxy coating without the 

procedure of applying the PU topcoat. 

 

 

  



59 

 

Curing study of epoxy and epoxy-PU coating systems 

Three curing series with the coating systems were conducted (Table 4.2).   

 

Table 4.2. Overview of curing study with different coating systems under the two pertinent curing 

conditions. 1B=1-butanol and 2B=2-butanol. For the definition of the terms Fully and Partially 

topcoated, see Figure 4.1. 

Series Coating systems Application method Curing condition 

1 
Epoxy-1B 

Fully topcoated 

Non-suppressed, 

suppressed 

Epoxy-1B-PU 

2 
Epoxy-PU (epoxy with 

different hydroxyl molecules)a Partially topcoated 

3 
Epoxy-2B 

Fully topcoated 
Epoxy-2B-PU 

4 Epoxy-1B-PU Partially topcoated Non-suppressed 

a: 1-Butanol and OH-resin were either present or absent in the epoxy primer 

 

In the first, one-layer epoxy-1B and epoxy-1B-PU systems were applied by the full topcoat method 

and then cured under the non-suppressed and suppressed conditions. In the second series, the 

hydroxyl-containing molecules (1-butanol and OH-resin) were either present or absent in the 

epoxy formulation in order to study their effects on the curing of epoxy-PU coating systems. In 

the third series, the curing of epoxy-2B and epoxy-2B-PU systems was conducted to investigate 

the beneficial effects of 2-butanol, relative to 1-butanol. During the curing of these coating systems, 

weight measurements, FTIR spectroscopy and pendulum hardness measurements (detailed below) 

were conducted. An analytical balance from Sartorius (ENTRIS623I-1S), with an accuracy of 

0.001 g, was used for the weight loss measurements. In the last series, the epoxy-1B-PU system 

was applied on a steel panel of 75 mm × 150 mm using the partially topcoated method and then 

cured under the non-suppressed condition. During the curing, pendulum hardness and high-

pressure compression measurements (detailed below) were conducted. Using an Elcometer 355 

coating thickness gauge, the dry film thickness (DFT) was measured to 257.1 ± 10.6 μm after the 

coatings were cured for four days. 
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Kinetic study of isocyanate with polyol and butyl alcohols 

The kinetic measurements were carried out in naphtha at room temperature. The HDI was reacted 

with the polyol, and 1-butanol and 2-butanol with an NCO/OH molar equivalent ratio of unity. A 

concentration of 500 and 120 ppmw of DBTDL catalyst was used in the reaction of HDI with the 

polyol and 1-butanol/2-butanol, respectively. Using FTIR spectroscopy (specified below), the 

urethane formation could be followed by detecting the concentration of the isocyanate group. 

For data analysis, a design equation, employing an NCO/OH molar equivalent ratio of unity, is 

developed. Equation 4.1 is written as  

d𝐶NCO

d𝑡
= −𝑘C𝐶Cat

1/2
𝐶NCO

3/2
                                                      (4.2) 

and after integration with initial conditions and rearrangement one gets                                             

(1 − X𝑁𝐶𝑂)−1/2 = −
1

2
𝑘C𝐶Cat

1/2
𝐶NCO,𝑡=0

1/2
∙ 𝑡 +  1                                     (4.3) 

where XNCO is the conversion of isocyanate groups. Equation 4.3 describes the dynamic conversion 

of the isocyanate group in the presence of DBDTL catalyst and was used to estimate, by linear 

correlation, the reaction rate constant for the isocyanate reactions. 

 

High-pressure compression measurements 

To determine the curing time for a coating system to be handled under high-pressure loadings (e.g., 

transportation of a wind turbine tower section to prepare the paint shop for the subsequent paint 

job), so-called dry-to-handle conditions, a high-pressure compression test was developed using a 

rheometer DHR-2 (TA Instruments) with a Peltier plate geometry as shown in Figure 4.4.  
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Figure 4.4. Experimental set-up for high-pressure compression measurements. The geometry of 

the truncated cone is shown in the insert. 

  

The coated steel panel was placed on the Peltier plate and the pressure applied by a parallel plate 

of 25 mm diameter with an axial force of 49.5 N. Using a truncated cone with a top of 5 mm radius 

facing the parallel plate, and the base (1.5 mm radius) facing the coating surface, the loading 

pressure was magnified from 0.1 to 7.0 MPa on the coating surface. To prevent any sticking to the 

coating surface, the truncated cone was constructed in Teflon. Following a constant pressure period 

of three minutes, the compressed area was evaluated using the profilometer (detailed below) to 

obtain topographic images; a typical example of the compressed area (the red dashed circle) is 

shown in Figure 4.5(a). The concave depth was estimated from the distance between two line 

sections (one inside and one outside the compressed area) in a line profile as shown in Figure 

4.5(b).  
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Figure 4.5. (a) A typical topographic image (seen from above) of an epoxy-1B-PU coating system 

after the compression test. (b) An example of a concave depth measurement, represented as the 

distance between two line sections in the profile. The pinhole at the centre of the compressed area 

is due to a protrusion at the centre of the Teflon cone surface and can be neglected. 

 

Pendulum hardness measurements 

A König pendulum method (DIN ISO 1522) [71] was used to measure the hardness of the coating 

films on glass panels with a Pendulum Hardness Tester Model 299/300 from ERICHSEN. The 

triangular pendulum with two pivot balls rests on the test surface and the number of swings for 

damping from a 6° to a 3° displacement was recorded. The pendulum hardness (pendulum’s 

oscillation time) was obtained by multiplying the number of swings by 1.4 s (the period of an 

oscillation for the König method). 

 

FTIR spectroscopy 

Using a Thermo Scientific Nicolet iS50 FTIR spectrometer equipped with iD7 attenuated total 

reflectance (ATR) diamond crystal, FTIR spectra were collected. The method of using FTIR 

spectra to estimate the surface conversion of isocyanate in a PU coating was described in our 

previous work [86] (Chapter 3).  

In the kinetic study, a calibration curve to quantify the concentration of the isocyanate group was 

established. The peak area at 2273 cm-1, ascribed to the NCO asymmetric stretching, was plotted 
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as a function of isocyanate concentration, and the relation between the area of the NCO peak (ANCO) 

and the concentration of the NCO group (CNCO) was linearly fitted to   

ANCO = k × CNCO                                                      (4.4) 

with a k-value of 6.3 L/mol. ANCO is dimensionless. 

 

Surface topography analysis 

A wide-area 3D measurement macroscope (profilometer) with a VR-3100 sensor head (2 μm 

resolution) from KEYENCE was used to obtain topographic images of the coatings. To determine 

the coating surface roughness, including Sa (arithmetical mean height) and Sz (maximum height), 

area roughness measurements of 1.5 mm × 1.5 mm were performed. 

 

 Results and discussion 

The effects of curing conditions on the hardness of epoxy coatings and epoxy-PU coating systems 

will now be described, followed by a study of 2-butanol substitution of 1-butanol in the epoxy 

formulation, and the consequential improvement of the hardness development of the epoxy-PU 

coating system. 

 

4.4.1 Effects of curing conditions on the coating hardness (single layer epoxy) 

Results of the influence of curing conditions on the hardness of the single-layer epoxy-1B primer 

are shown in Figure 4.6. Under the non-suppressed condition (Figure 4.6(a)), the evaporation of 

solvent is fast in the first six hours and then gradually slows down. When cured under the 

suppressed conditions after the first day, the solids concentration is 3.7 wt% lower in comparison 

to the non-suppressed condition. As expected, the insufficient ventilation condition increases the 

amount of residual solvents in the epoxy coating.  
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Figure 4.6. Curing of the epoxy-1B coatings under the non-suppressed and suppressed conditions: 

(a) The increase of solids during solvent evaporation, and (b) The hardness development of the 

coating. Standard deviations (barely visible) are shown with error bars in both plots. 

 

When the epoxy coatings were cured in the drying cabinet after one day, solvents evaporated 

rapidly and the final solids concentration reached about 97.0 wt%, very close to the samples cured 

under the non-suppressed condition, suggesting that the initial one-day evaporation-suppressed 

condition decreases the evaporation rate of solvent with a negligible influence on the final solids. 

This is probably due to the low curing degree of the epoxy coating after one day, thereby allowing 

the continuous evaporation of solvents at the subsequent non-suppressed conditions. Generally, 

the two-component (2K) epoxy coating takes about a week to cure at ambient temperature  [19,88]. 

Looking at Figure 4.6(b), it can be seen that the pendulum hardness of epoxy coatings initially 

increases rapidly, followed by a gradually decreased increase rate. Also, the curing of the epoxy 

coating continues after termination of the experiment, as indicated by the continuously increasing 

hardness. When comparing the pendulum hardness curves under the two curing conditions, a lower 

hardness was observed at the suppressed condition, but the difference is small (less than 10 s). The 

curing rate is expected to be similar under the two curing conditions (actually slightly faster under 

the suppressed conditions [86]), so the curing reaction is not the reason for the hardness difference. 

The reduction of the pendulum hardness may be caused by an increase in the surface roughness 

under the evaporation-suppressed condition. When the epoxy-1B coating was cured under the non-

suppressed condition, a rough surface with graininess and scattered ‘hill’ regions, was observed 

(Figure 4.7(a)).  

(a) (b) 
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Figure 4.7. A 2D height image of the epoxy-1B films after 11 days and cured under (a) non-

suppressed and (b) suppressed conditions. The image on the right shows a higher roughness than 

the one on the left. 

 

Graininess is usually caused by a phase separation; in the case of the amine-cured epoxy coating, 

the epoxy resin and the amine curing agent become incompatible during curing when the solvent 

concentration in the coating layer becomes low, and they separate spontaneously into two phases 

[19,22]. When this happens, the low-density amine curing agent can migrate to the surface of the 

coating and react with CO2 in the air, producing salts of carbamate zwitterions or ammonium 

bicarbonate (so-called amine blush) in the ‘hill’ regions [21,22]. The epoxy coating cured under 

the suppressed condition exhibits a much rougher surface (Figure 4.7(b)) with Sa and Sz values of 

2.8 ± 0.1 and 29.8 ± 0.5 μm, respectively. This corresponds to 2.6 and 1.5 times the values of the 

samples cured under the non-suppressed condition. In addition, the distribution of the ‘hill’ regions 

is more homogenous, indicative of a more pronounced graininess under the evaporation-

suppressed condition. The more severe phase separation phenomenon is probably ascribed to the 

higher mobility of the amine curing agent, which results from the higher amount of residual 

solvents under the suppressed condition.  

A rougher surface causes an increase in energy dissipation, thereby reducing the pendulum 

oscillation time (pendulum hardness). Therefore, the surface condition has an impact on the 

measurement of hardness by the pendulum method, and in the case of surface roughness, it can 

lead to a minor difference in the measured pendulum hardness. However, with similar solids 

(a) (b) 
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concentration and curing degree of epoxy coatings, the bulk hardness is expected to be the same 

and not influenced by the surface roughness. 

 

4.4.2 Effects of curing conditions on the coating hardness (two-layer epoxy-PU) 

To investigate the influence of curing conditions on the curing process of the two-layer system, 

epoxy-1B-PU coating systems were cured under the non-suppressed and suppressed conditions. 

Under the non-suppressed condition, the evaporation of solvents almost completes during the first 

two days and the solids concentration stabilizes at 95.8 wt% as shown in Figure 4.8(a). When cured 

under the suppressed condition, the solvents continuously evaporate and after eight days, the solids 

concentration is 0.6 wt% lower than that under the non-suppressed condition. The evaporation-

suppressed condition leads to the increase of residual solvents inside the epoxy-PU coatings. 
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Figure 4.8. Curing of the epoxy-1B-PU coating system under the non-suppressed and suppressed 

conditions: (a) The increase of solids during solvent evaporation, (b) The surface conversion of 

isocyanate groups in the PU topcoat, and (c) The hardness development of the coating system. 

Standard deviations (barely visible) are shown with error bars in all three plots. 

 

 

(a) 

(b) 

(c) 



68 

 

As shown in Figure 4.8(b), the isocyanate consumption rate gradually slows down under the non-

suppressed condition. After two days, the surface conversion of isocyanate is 71.8 %, i.e., 19.5 % 

lower than for the coating cured under the suppressed condition. The consumption of isocyanate 

is much faster under the evaporation-suppressed condition, which contradicts results for a one-

layer PU system, where a similar rate was observed [86]. Elevated levels of residual solvents can 

increase the chain mobility post vitrification, and thereby boost the curing reaction rate. 

Furthermore, the hydroxyl molecules in the epoxy primer may migrate into the PU topcoat and 

take part in a competitive reaction with isocyanates, which increases the consumption rate of 

isocyanates (this influence of hydroxyl molecules is further explored in Section 4.4.3). The final 

isocyanate conversion reaches about 100 % after eight days under both conditions. 

As can be seen in Figure 4.8(c), the pendulum hardness of epoxy-1B-PU films rises gradually 

when the solvent evaporates and the curing reaction proceeds under the non-suppressed condition. 

After eight days, the hardness continues to increase, which is due to the continuous hardening of 

the epoxy primer (Figure 4.6(b)). Under the suppressed condition, the hardness is 8.9 s after two 

days in the closed lid but then drops to 6.3 s when cured for another six hours in the drying cabinet. 

The decline in hardness is opposite to the observed increase of the solids concentration and surface 

conversion of isocyanates in Figure 4.8(a) and (b), respectively (the cause of this hardness drop is 

investigated in Section 4.4.6).  

Despite the rapid evaporation of solvents, the hardness increases only slightly and the final value 

is one-third of that obtained when cured under the non-suppressed conditions. The plasticizing 

effect of residual solvents can reduce the hardness of the epoxy-PU coating, but it is not the 

determining factor. In addition, the surface roughness difference is also not able to cause such a 

large difference in hardness. Due to the side reaction of hydroxyl molecules in the PU topcoat, the 

great loss of hardness can, mainly, be attributed to a reduced crosslinking density. Before applying 

the PU topcoat under the suppressed condition, approximate half the content of solvents still 

resides inside the epoxy primer, and these solvents penetrate into the PU topcoat in the epoxy-PU 

coating system, in which 1-butanol, as a side reaction, can react with isocyanates. 
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4.4.3 Effect of hydroxyl molecules on the coating hardness 

To investigate their influence on hardness, epoxy binder mixed with different hydroxyl molecules, 

i.e., 1-butanol and the OH-resin, were prepared. Under the non-suppressed condition, similar 

isocyanate conversion and hardness development curves can be seen in Figure 4.9(a) and (b), 

suggesting the negligible influence of hydroxyl molecules on the curing on the epoxy-PU coating 

systems. With sufficient ventilation, the solvents, including 1-butanol in the epoxy, are able to 

evaporate adequately before applying the PU topcoat, thereby minimizing the adverse influence 

of residual solvents. In the presence of OH-resin, the epoxy-PU system exhibits a slight decline in 

hardness (Figure 4.9(b)), as a consequence of the plasticizing effect of the OH-resin. 

 

Figure 4.9. Curing of epoxy-PU films in the presence or absence of 1-butanol and the OH-resin 

in the epoxy formulation. The surface conversion of isocyanate groups in the PU topcoat under the 

(a) non-suppressed and (c) suppressed conditions. The hardness development of the coating under 

the (b) non-suppressed and (d) suppressed conditions. Standard deviations are shown with error 

bars in all four plots.  

(a) (b) 

(c) (d) 
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Looking at Figure 4.9(c) and (d), a distinct difference can be seen between the systems with and 

without 1-butanol. When 1-butanol was present in the epoxy primer, a 16 % lower surface 

conversion of isocyanate was observed, suggesting the percentage of isocyanates consumed by the 

1-butanol migrating into the PU topcoat. In contrast, the OH-resin has an insignificant impact on 

the curing of epoxy-PU coating systems. Compared to 1-butanol, the larger molecular weight and 

the aromatic rings of the OH-resin considerably reduce its mobility and prevent the migration to 

the PU topcoat. Therefore, while the influence of the OH-resin on the curing of the PU topcoat can 

be neglected, 1-butanol is the critical molecule causing the reduction of hardness under the 

evaporation-suppressed conditions. Besides, the presence of hydroxyl molecules is not expected 

to induce the hardness drop following removal of the coating system from the closed lid after 

curing for one day, because the drop can be observed in all coatings with or without 1-butanol and 

OH-resin. 

 

4.4.4 Improvement of hardness using 2-butanol 

In order to improve the hardness development of the epoxy-PU coating, 2-butanol was used to 

substitute 1-butanol in the epoxy formulation. 2-Butanol has an evaporation rate 90 % faster than 

that of 1-butanol (ASTM D3539 [89]), but a reactivity with isocyanates 90 % lower than 1-butanol 

with DBTDL catalyst present [90], both of which contributes to the hardness development of the 

PU topcoat. Figure 4.10 presents the solids concentration and hardness change of epoxy-2B 

coatings, which show nearly the same curves as the epoxy coatings in Figure 4.6. This suggests an 

insignificant influence of the substitution on the curing of the epoxy coating. However, the similar 

rate of solvent evaporation is inconsistent with the faster evaporation rate of 2-butanol in 

comparison to 1-butanol. This can be explained, though, by the secondary stereo structure of 2-

butanol, which impedes the diffusion of this molecule in the epoxy coating thereby 

counterbalancing the faster evaporation rate, and overall, this results in the similar rate of 

evaporation of the two butyl alcohols in the epoxy coating.  
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Figure 4.10. Curing of epoxy-2B films (2-butanol in place of 1-butanol) under the non-suppressed 

and suppressed conditions: (a) The increase of solids during solvent evaporation, and (b) The 

hardness development of the coating. Standard deviations (barely visible) are shown with error 

bars in both plots.  

 

Similar to the one-layer epoxy coatings, the two-layer epoxy-PU coating systems with 2-butanol 

also show very similar curves of solvent evaporation (Figure 4.11(a)) to that of coatings with 1-

butanol (Figure 4.8(a)). However, under the suppressed condition, the surface conversion of 

isocyanate is 82.4 % (Figure 4.11(b)), 9.0 % lower than the value for the epoxy-PU coatings with 

1-butanol in Figure 4.8(b) and a gradual increase in the hardness can be seen in Figure 4.11(c). 

The lower reactivity of 2-butanol reduces the consumption of isocyanates by side reactions, 

thereby minimizing the adverse effect of the alcohol solvent on the curing of epoxy-PU coatings 

under the suppressed condition. 

  

(a) (b) 



72 

 

  

  

  

Figure 4.11. Curing of the epoxy-2B-PU coating system (2-butanol in place of 1-butanol in the 

epoxy) under the non-suppressed and suppressed conditions: (a) The increase of solids during 

solvent evaporation, (b) The surface conversion of isocyanate groups in the PU topcoat, and (c) 

The hardness development of the coating. Standard deviations (barely visible) are shown with error 

bars in all three plots. 

 

(a) 

(b) 

(c) 
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4.4.5 Kinetics of isocyanate reactions with alcohols 

The reactivity of HDI with the polymeric polyol and the two butyl alcohols are shown in Figure 

4.12. It can be clearly seen that even though less catalyst was used, the two butyl alcohols exhibit 

a much higher reactivity than the polyol.  

 

 

Figure 4.12. Dynamic conversions for the isocyanate reactions with different OH-molecules. (a) 

The polymeric polyol with 500 ppmw catalyst and (b) 1-butanol and 2-butanol with 120 ppmw 

catalyst. Standard deviations are shown with error bars in both plots. Note the difference in y-axis 

values for the two plots.  

 

Using the kinetic model described by equation 4.3, the experimental data were fitted as shown in 

Figure 4.13. A good match can be seen for 1-butanol and 2-butanol. However, the fitted result of 

the polyol differs somewhat from the experimental data. The decreasing mobility of reactants, as 

the crosslinking reaction proceeds, probably accounts for the deviation (i.e., the rate gradually 

becomes mobility-controlled).  

 

(a) (b) 
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Figure 4.13. Comparisons between experimental data of the transient conversion of isocyanate 

and simulations with a batch reactor model and the kinetic expression of equation 4.3. The adjusted 

model parameters are provided in Table 4.3. (a) The polymeric polyol with 500 ppmw catalyst and 

(b) 1-butanol and 2-butanol with 120 ppmw catalyst.  

 

The adjustable (fitted) rate constants are provided in Table 4.3. For 1-butanol, the rate constant is 

the same order of magnitude as that of 1-butanol reacting with phenyl isocyanate, as found by 

Farkas and Mills [91]. With a reactivity two orders of magnitude lower than 1-butanol, the polyol 

cannot compete with 1-butanol, once 1-butanol migrates into the PU topcoat under the 

evaporation-suppressed conditions. This is consistent with the observation in Figure 4.8(b); even 

though the rate constant of 2-butanol is 80% lower than 1-butanol, 2-butanol still reacts much 

faster than the polyol. This confirms the lower consumption of isocyanates with 2-butanol 

observed in Figure 4.11(b).  

  

Table 4.3. Rate constants for isocyanate reactions with two butyl alcohols and the polymeric 

polyol at room temperature. 

OH-molecule kc (× 10-3 m3/(mol·s)) 

 Polymeric polyol 0.99 ± 0.06 

1-Butanol 153.00 ± 5.36 

2-Butanol 28.18 ± 0.84 

 

(a) (b) 
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Relative to 1-butanol, 2-butanol has a lower reactivity that is caused by the steric hindrance of the 

end methyl group [10]. In comparison to butyl alcohols, the significant lower reactivity of the 

polyol is possibly due to the decreasing nucleophilicity of the oxygen atom of the hydroxyl group. 

The large electron-withdrawing nature of the carboxylate group reduces the electron density on 

the oxygen atom of the polyol and drastically reduces the reaction rate by increasing the activation 

energy. Sivakamasundari and Ganesan [33] reported a similar reduction of reactivity of 

methoxyethanol with phenyl isocyanate, as a consequence of the electron-withdrawing nature of 

the methoxyl groups. Oppositely, the alkyl groups of the two butyl alcohols are electron-donating 

groups and can contribute to the urethane reaction.   

 

4.4.6 Investigation of hardness drop 

When cured under the suppressed condition for two days and subsequently measured for pendulum 

hardness, a ‘cavity’, which formed under the pressure of the pivot ball, became visible as shown 

in Figure 4.14(a).  

 

 

Figure 4.14. A 3D top view, after the pendulum hardness test, of the contact point left behind by 

the pivot ball on the epoxy-PU film after curing under the suppressed condition for (a) two days 

and (b) two days and six hours. These times were selected because a decline of hardness was 

observed after two days and six hours in Figure 4.8(c). The values indicated in the figure show the 

maximum and minimum heights above and below the coating surface, respectively. The width of 

each 3D image is 5.0 mm.  

 

(a) (b) 
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Oppositely, when cured under the suppressed condition for two days and six hours, a protrusion 

was observed, as seen in Figure 4.14(b), indicating a greasy and sticky PU surface. This protrusion 

formed when the sticky surface adhered to the pivot ball and the latter was removed after test 

completion. For epoxy coatings cured under insufficient ventilation conditions, a greasy surface, 

resulting from amine blush [19,92], was observed, and for the one-layer epoxy system in the 

present work, the appearance of amine curing agent on the epoxy surface was observed after one 

day (Section 4.4.1). This amine-curing agent can further migrate to the PU topcoat and accumulate 

at the surface of the epoxy-PU coating system. When removed from the closed environment, 

moisture and CO2 from the atmosphere adsorb and react on the surface to form carbonated amine. 

This phenomenon makes the PU surface greasy and increases the energy dissipation between the 

pivot balls and coating surface and thus significantly reduces the pendulum’s oscillation time, i.e., 

pendulum hardness on the PU surface, which explains the pendulum hardness drop observed in 

Section 4.4.1. However, the bulk hardness of epoxy-PU coating system is expected not to be 

affected by the greasy surface and indeed continues to increase with solvent evaporation and 

crosslinking reaction. 

As illustrated with the FTIR spectra in Figure 4.15, the formation of carbonated amine emerges as 

a peak at 1505 cm-1, due to symmetric NH3
+ deformation of the ionic carbamate [93]. When cured 

under the suppressed condition (Figure 4.15(b)), the epoxy-PU films have a more pronounced peak 

at 1505 cm-1 compared to the non-suppressed condition (Figure 4.15(a)), which indicates a more 

severe amine blush taking place under the suppressed condition. After another six hours under the 

suppressed condition, the area of the peak at 1505 cm-1 increases (see  dashed-lined circle in Figure 

4.15(c)), suggesting the continuous formation of carbonated amine, which requires a continuous 

sorption of moisture and CO2. 
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Figure 4.15. ATR-FTIR spectra of the epoxy-PU films cured under (a) non-suppressed condition 

for two days, (b) suppressed condition for two days and (c) suppressed condition for two days and 

six hours. The three spectra have the same y-axis scale and the dashed lines circle the carbonated 

amine peak at 1505 cm-1. 

 

4.4.7 High-pressure, dry-to-handle analysis  

Using the high-pressure compression test, the curing time required for the epoxy-PU coating 

system to be virtually unaffected by mechanical handling was estimated. Figure 4.16 shows the 

coating deformation after the compression test. 
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Figure 4.16. The 3D profilometer top views after the high-pressure compression test. Each photo 

shows a circular compression area on the epoxy-PU film after a given curing time (non-suppressed 

condition).  

 

Following curing for 1.25 days, a very severe deformation, i.e., a great concave depth and a 

substantial amount of coating oozing, was observed. This was followed by a gradually decreasing 

depth of the compressed area along with the curing of the coating system. The results of the 

compression test were quantified by a compression ratio of the concave depth to the coating 

thickness as shown in Figure 4.17. 

   

Figure 4.17. The transient change of the concave depth/coating thickness, after the high-pressure 

compression test, and the pendulum hardness of the epoxy-PU films after curing under the non-

suppressed condition for different values of time. The standard deviations are shown with error 

bars. 



79 

 

It can be seen that the compression ratio decreases rapidly initially and then, with an increasing 

pendulum hardness, slows down after two days. Using a low compression ratio (2.5 %) and an 

insignificant deformation (see Figure 4.16), two days were selected as the required curing time for 

high-pressure dry-to-handle when cured under the non-suppressed condition, and the 

corresponding pendulum hardness was 14.0 s. It is noted that the bulk hardness, under the 

suppressed condition, is larger than the measured pendulum hardness because of the increasing 

surface stickiness. Therefore, when the pendulum hardness is above 14.0 s, it is guaranteed that 

the epoxy-PU coating system is sufficiently cured for the high-pressure dry-to-handle under both 

the non-suppressed and suppressed conditions. Under the suppressed conditions, the epoxy-PU 

coating system using 1-butanol required more than eight days for dry-to-handle, whereas the 

curing time was decreased to four days when the 2-butanol was in place of 1-butanol, further 

suggesting the beneficial effect of 2-butanol on the coating hardness development.  

 

 Conclusions 

Under the evaporation-suppressed condition, it was found that the residual 1-butanol solvent in the 

epoxy primer migrated into the PU topcoat. Due to side reactions with isocyanates, this reduced 

the binder (polyol) conversion, thereby inducing improper curing of the PU topcoat, and a 

significant reduction of the hardness of the two-layer coating system. The reactivity of 1-butanol 

was found to be two hundred times faster than that of the polymeric polyol, which further verified 

the negative effects of this compound on the curing of the PU topcoat. 

The pendulum hardness method suffers from the limitation that the surface conditions have an 

impact on the measured hardness values. The changes in surface conditions, i.e., increasing 

roughness and stickiness, increase the energy dissipation and thereby reduce the pendulum 

hardness. However, these changes are not expected to influence the bulk coating hardness. To 

eliminate the influence of surface conditions, the widely-used pencil hardness test can be 

accompanied with the pendulum method to evaluate the coating hardness development. 

To improve the hardness of the two-layer epoxy-PU coating system, two strategies may be 

followed. One is to ensure sufficient ventilation, which efficiently eliminates residual solvents, 

and the most economical way to provide this is during the first six hours after applying the epoxy 

primer and the PU topcoat. The other is to use less reactive or even non-reactive polar co-solvents 
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or to increase the reactivity of polyols towards the isocyanates. The use of the solvent 2-butanol is 

an alternative way to improve the hardness development of the epoxy-PU coating system, and a 

similar strategy may be applied for other multilayer crosslinking systems. 
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Chapter 5  

Methanol degradation mechanisms and permeability phenomena in 

novolac epoxy and polyurethane coatings 

This chapter presents the influences of methanol degradation on the mechanical and barrier 

properties of novolac epoxy and polyurethane coatings. It was written in a manuscript format and 

will be submitted to a peer-reviewed journal. The authors to be included in the manuscript are Ting 

Wang, Shicong Luo, Chenyu Wang, Jing Wang, Claus Erik Weinell, Kim Dam-Johansen, Juan 

José Segura, Erik Graversen and Søren Kiil. 

 

Abstract 

On a global scale, methanol is one of the most important feedstocks and used widely as solvent 

and co-solvent. However, due to the polar nature and associated ability to conduct current, the 

small molecule can take part in galvanic corrosion of metal storage tanks and degrade the barrier 

properties of protective coatings.  

In the present work, we investigated the degradation of two novolac epoxy coatings and a 

polyurethane (PU) coating exposed to methanol with the aim of quantifying the various 

degradation paths. Absorption and desorption rates were measured and the thermomechanical 

properties followed by dynamic mechanical analysis. For evaluation of the coating barrier 

properties (i.e., breakthrough time and steady state permeation rates of methanol), permeation cells 

were applied. 

During methanol absorption, simultaneous leaching of certain coating ingredients and bonding of 

methanol to the binder matrix via hydrogen bonds were evidenced. In terms of classification, the 

bonding of methanol took place by two types of mechanisms. In Type I, the methanol molecule 

forms a single hydrogen bond to the coating network, thereby acting as a plasticizer, which 

decreases the coating storage modulus and glass transition temperature. For Type II bonding of 

methanol, on the other hand, two hydrogen bonds to the coating network form per molecule, 

resulting in so-called physical crosslinking. The Type I mechanism boosted segmental mobility 

and contributed to the leaching of the plasticizer benzyl alcohol from the novolac epoxy coatings 

and residual solvents (i.e., naphtha and xylene) from the PU coating. Following the methanol 
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desorption, and attributed to an increased effective crosslinking density from Type II bound 

methanol, the novolac epoxy and PU coatings exhibited significant increases in the glass transition 

temperatures. In addition, for the three coatings, a gradual decline in the permeability rate of 

methanol was observed over time. These enhanced (and unexpected) barrier properties result from 

a combination of effects ascribed to Type II bound methanol and the leaching process. 

 

Nomenclature 

CA  Cycloaliphatic amine 

DFT  Dry film thickness 

DMA   Dynamic mechanical analysis 

EPDM  Ethylene-propylene-diene rubber 

Mi  Weight increase after methanol immersion 

Ml  Weight loss after methanol immersion and subsequent unrestricted evaporation 

Mm, Ms Weight gain of methanol and solvent 

NIST   Spectral National Institute of Standards 

PA   Polyamide 

PMMA  Poly(methyl methacrylate) 

PU  Polyurethane 

Rb  Breakthrough velocity, the ratio of coating thickness to the breakthrough time, m/s  

Rperm  Permeation rate, mol/(m2∙s) 

XLD   Crosslinking density, mmol/L 

 

 Introduction 

High-performance organic coatings are used extensively to protect metallic structures in corrosive 

environments. The coatings delay the penetration and effects of aggressive and/or corrosive 

species such as organic chemicals and aqueous solutions of salts, acids or alkalis, thereby 

prolonging the lifetime of the underlying substrates. Common examples are two-component 
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epoxy-amine and polyurethane (PU) coatings. The former types have excellent adhesion to metals 

and good resistance to chemicals, whereas the latter is known for its superior resistance to 

weathering [2]. For chemical and solvent resistance in harsh (heavy duty) applications, phenolic 

novolac epoxy coatings, with their higher crosslinking densities compared to bisphenol A or 

bisphenol F epoxy resins, are the preferred choice [2,34]. However, despite the protective abilities, 

the coatings themselves will also undergo physical and/or chemical degradation in contact with 

the chemicals, and the lifetime of a coating system is often limited by the permeation rate or 

breakthrough time of these chemicals. 

The penetration of solvent(s) usually causes some kind of physical degradation of the coating 

systems. Water, in particular, has been extensively studied [38–42,46–48] and found to cause 

swelling, cracking, and reduction of mechanical properties and glass transition temperature of 

epoxy and polyester coatings. Organic molecules, such as kerosene [37], 1,1,1 trichloroethane, and 

toluene [36], were reported to act as plasticizers and reduce the mechanical properties of certain 

coating systems like butyl rubber composites and polyesters. In comparison to water, other polar 

organic solvents (e.g., methanol, ethanol, and acetone) have a higher affinity to the coating systems, 

thereby resulting in more severe physical degradation (i.e., a higher degree of swelling and a 

greater loss of flexural strength) [34,35,43]. 

Along with the physical degradation caused by water, aqueous solutions of acids, alkalis, or salts 

can further induce chemical degradation of the coating films [35]. Examples include hydrolysis, 

transesterification, and oxidation. Abeysinghe et al. [48] investigated the physicochemical changes 

occurring in crosslinked polyesters during immersion in electrolyte solutions of NaCl, H2SO4 and 

NaOH. The degradation of polyester resins follows a sequence of water uptake, swelling, and 

leaching of non-immobilized substances and hydrolysis products (i.e., isophthalic acid and 

propylene glycol). In addition, functional groups, such as urethanes of PU coatings and the ether 

linkages of epoxy coatings (to a less extent), are susceptible to acid-induced hydrolysis [34].  

Most studies have focused on the degradation of organic coatings exposed to water or electrolyte 

solutions, whereas research on the effects of organic molecules is comparatively limited, keeping 

in mind that organic coatings are often the preferred choice for example as tank linings for the 

storage of alcohols, as well as aromatic and aliphatic solvents. Methanol, in particular, is one of 

the most important chemical raw materials with widespread application as a feedstock, a solvent 
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and co-solvent [94]. Its high rate of diffusivity and ability to induce swelling, softening, and 

weakening of coating adhesion, make it very aggressive to organic coatings [43]. Moreover, as a 

conductive polar molecule, methanol can impose galvanic corrosion of metal substrates, thereby 

leading to potential failures of carbon steel tanks [95]. To avoid this, as an electrically non-

conductive barrier between the liquid methanol (including any dissolved impurities) and the tank 

material, epoxy coatings are commonly applied as tank linings with two to three layers in a total 

minimum dry film thickness (DFT) of 300 μm. To further improve their resistance to methanol, 

curing at an elevated temperature is necessary to form highly crosslinked epoxy coatings.  

 

 Experimental methods for coating degradation studies and aims of the work  

Various technologies have been utilized to study the degradation of organic coatings exposed to 

chemicals. The most common method is immersion [3–18], where coating films are placed in a 

chemical solution and analyzed periodically for physical and/or chemical changes. Analytical 

methods include optical or electron microscopes to detect visual degradation like cracks [48,97], 

IR spectra to analyze the chemical degradation [35,50,98] or quantify diffusion of chemicals [99], 

and dynamic mechanical analysis (DMA) to monitor the degradation of mechanical properties 

[38,39,46,47,50,60]. In addition, permeation cells are applicable to measure the rate of diffusion 

or permeation of chemicals across organic coatings. More specifically, two types of cells are 

widely used: two-chamber permeation cell for electrolyte solutions [100,101] and one-chamber 

permeation cells for highly volatile compounds [102,103]. Using a free coating film, the two-

chamber cell separates an electrolyte solution from a chamber containing only demineralized water, 

and the amount of permeated electrolyte is obtained by measuring the concentration development 

in the water. Conversely, the one-chamber permeation cell measures the weight loss of the entire 

cell to determine the amount of the penetrant permeating (and subsequently evaporating) across a 

free coating film from the chamber. Using mathematical models of the process in the set-up, 

diffusion coefficients can be estimated by fitting of simulations to transient experimental data 

[104].  

In the present work, using a one-chamber permeation cell, we aim to study the transient 

development of the barrier properties of selected novolac epoxy and PU coatings during methanol 

exposure and compare the results to experimental data of pertinent reference materials. In addition, 

for a simultaneous quantification of the mechanical properties of the coating films, DMA analysis 



85 

 

is applied. Finally, mechanisms are proposed for the degradation behaviours of the two coating 

types.   

 Experimental 

 

Materials 

The coatings used in the experimental series were commercial formulations from Hempel A/S, 

Denmark, with details provided in Table 5.1. Air-less spraying on non-stick polypropylene 

substrates of size 300 mm × 200 mm from Lyreco A/S, Denmark, allowed us to obtain rectangular 

free coating films of size 30 mm × 10 mm for the immersion experiments and subsequent DMA 

analysis, and circular ones of 50 mm diameter for the permeation cells. The curing process was 14 

days at room temperature, followed by post-curing at 60 ℃ for two days. Using an Elcometer 355 

coating thickness gauge, the coating DFT was measured to 300 – 400 µm for novolac epoxy 

coatings and 150 – 200 µm for PU coatings. 

 

Table 5.1. Main components of the experimental coatings. Additional details can be found in an 

earlier work on acid degradation of organic coatings [100]. NE-CA=Novolac Epoxy-

Cycloaliphatic Amine. NE-PA= Novolac Epoxy-Polyamide. 

Coating Resin Curing agent Ra Fillers/pigments 

Novolac epoxy, 

100% solids (NE-CA) 

Novolac 

epoxy resin 

Cycloaliphatic 

amine (CA) 
0.9 

Talc, feldspar, and 

titanium dioxide 

Novolac epoxy, 

100% solids (NE-PA) 

Novolac 

epoxy resin 
Polyamide (PA) 1.0 

Quartz, baryte, and 

titanium dioxide 

Polyurethane (PU), 

solvent-based  

Polymeric 

polyol 
Isocyanate 1.1 

Baryte, calcium carbonate, 

and titanium dioxide 

a: R = MEq(Curing agent)/MEq(Resin) is the ratio of curing agent to binder equivalents, defining 

the relative mixture stoichiometry of functional groups. 

 

For reference comparison in the permeation experiments, the methanol permeability rate in two 

thermoplastic films (i.e., low density polyethylene, LDPE, and poly(methyl methacrylate), PMMA, 

were measured and compared to the thermoset coatings. The LDPE films, with a thickness of 0.2 
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mm and a density of 920 kg/m3, were obtained from Goodfellows, UK. The PMMA films, 1 mm 

in thickness and a density of 1190 kg/m3, were obtained from RIAS A/S, Denmark.  

Methanol (99.8 %) and ethanol (99.8 %) were supplied by Sigma-Aldrich Denmark A/S. To seal 

the permeation cell, ethylene-propylene-diene rubber (EPDM) O-rings from M Seals A/S, 

Denmark, were used. These O-rings have excellent resistance to polar solvents (i.e., alcohols and 

ketones) and a working temperature from -50 to 200 °C. Two sizes were used: 1) 42 mm inner 

diameter and 3 mm thickness, 2) 3 mm inner diameter and 2 mm thickness. 

 

Absorption and desorption experiments 

Methanol absorption and desorption experiments were performed on free films of NE-CA, NE-PA 

and PU. Rectangular samples were immersed in methanol at room temperature. At regular intervals, 

the films were withdrawn, dried with a paper towel to remove surface liquid, and weighted before 

being left to dry, also at room temperature. After seven days, weight measurements and DMA 

(specified below) were conducted on these methanol-exposed samples. The compositions of the 

remaining methanol solutions were analyzed using gas chromatography-mass spectrometry (GC-

MS), as specified below. 

For comparison, the effects on the coating properties of demineralized water and ethanol exposure 

were also investigated, along with absorption and desorption experiments. 

 

Permeation rate experiments 

To monitor the permeation rate of methanol through the NE-CA, NE-PA, and PU coating films, 

as well as LDPE and PMMA films, a custom-made, one-chamber permeation cell was designed 

and constructed (Figure 5.1).  
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Figure 5.1. Schematic cross-section view of the one-chamber permeation cell used in the 

experiments. The chamber volume is 12.5 mL. 

  

To initiate an experiment, a circular free film was placed between the two aluminium parts of the 

cell, sealed with two O-rings of 42 mm inner diameter and fastened using stainless steel bolts. 

After assembly of the cell, methanol was added from an opening in the top of the cell, specifically 

designed to prevent spills during the filling process. To seal the opening after methanol loading, a 

bolt in combination with the O-ring of 3 mm inner diameter was used. 

During an experiment, methanol molecules diffuse through the film and evaporate on the opposite 

side with an associated weight decrease of the entire cell. In general, the evaporation rate of 

methanol is several orders of magnitude higher than the permeation rate through a polymer film 

[102], and any gas phase mass transport limitations can, therefore, be neglected. Consequently, the 

weight reduction rate of the cell can be considered equal to the permeation rate of methanol. The 

weight loss of the cell was measured using an analytical balance from Sartorius (ENTRIS623I-1S) 

with an accuracy of 0.001 g, and the permeation experiments were all carried out at room 

temperature. 

In order to determine the undesired methanol loss through the O-rings, a stainless steel plate of 50 

mm diameter and a thickness of approximately 500 µm was used in place of a film sample in a 

permeation cell experiment. The observed average weight loss was found to be smaller than 1.0 

mg after 192 hours, which amounts to less than 1.0 % of the weight loss through a film sample 

after 168 hours. The methanol losses through the O-rings could, therefore, be neglected.  
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Dynamic mechanical analysis 

Using a rheometer DHR-2 (TA Instruments) with a Film/Fiber Tension geometry, DMA tests were 

performed on the free rectangular films. Scans were run at a heating rate of 5 ℃/min under 25 μm 

axial displacement at a frequency of 1 Hz.  

 

Gas chromatography-mass spectrometry 

After methanol absorption, the compositions of methanol solutions were analyzed by GC-MS 

using a Hewlett Packard (HP) 7890 gas chromatograph equipped with an HP 5977B Mass 

Selective Detector (Agilent, Santa Clara, CA, USA). The oven temperature was programmed to 

run from 60 to 230 °C at 10 °C/min. The compounds were separated using a 15 m × 0.25 mm in 

diameter HP-5 ms Ultra Inert column coated with (5%-phenyl)-methylpolysiloxane (Agilent) at a 

thickness of 0.25 μm. In a split mode (1:20), using an HP 4567A autosampler (Agilent) samples 

(0.3 μl) were injected with helium as carrier gas at 1.2 ml/min. The mass spectrometer was operated 

in an ionization energy of 70 eV and a m/z range of 40-550. For identification of compounds, the 

Spectral National Institute of Standards (NIST) search engine (Agilent) was used. 

 

 Results and discussion 

This section presents results of the absorption-desorption experiments and permeation rate 

measurements, with an investigation into the degradation behaviours of novolac epoxy and PU 

coatings exposed to methanol.  

 

5.4.1 Methanol absorption and desorption  

The NE-CA, NE-PA, and PU films were immersed in methanol for different values of time, 

followed by unrestricted evaporation for 168 hours, and finally exposed to DMA measurements 

for the recording of the thermomechanical properties. In Figure 5.2, the weight change of the NE-

CA films, after the methanol absorption and subsequent desorption have taken place, is shown. 
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Figure 5.2. The weight gain and subsequent long term weight loss (unrestricted evaporation for 

168 hours at room temperature) of NE-CA films exposed to methanol immersion for different 

values of time. Note that each data point represents an individual coating sample. Standard 

deviations are shown with error bars. 

 

Considering Figure 5.2 as a transient experiment, the weight of the NE-CA films initially increases 

rapidly, and then begins to decline after about four hours. The initial weight gain is due to the 

absorption of methanol, while the latter weight loss results from leaching of non-immobilized 

substances, such as residual solvents, plasticizers, fillers and pigments. After removal of the 

absorbed methanol, the weight reduction caused by the leaching process varies as seen in Figure 

5.2. A rapid leaching (weight loss) takes place within the first four hours, but after 72 hours, the 

weight again increases slightly. The latter is most likely entirely caused by the incomplete removal 

(trapping) of methanol after desorption at room temperature. Table 5.2 presents the weight change 

of the NE-CA, NE-PA, and PU films after methanol absorption and desorption. 
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Table 5.2. Coating properties and weight changes after immersion for 168 hours (Mi) and 

unrestricted evaporation for 168 hours (Ml) of the NE-CA, NE-PA, and PU films. 

Coating  Density (kg/m3) XLD (mmol/l)a Mi (wt%) Ml (wt%) Mm (wt%)b 

NE-CA 1.29 6.38 6.45  -7.21  13.66 

NE-PA 1.39 7.79 10.59  -2.12 12.71 

PU 1.76 2.13 6.67  -5.23 11.90 

a. Millimole crosslinks per litre dry coating film. Theoretical value, assuming full conversion of 

the limiting reactant. 

b. Mm = Mi – Ml, is the approximate film weight gain of methanol after immersion for 168 hours. 

 

After immersion for 168 hours, the weight uptake percentages of methanol for NE-CA, NE-PA, 

and PU films are all greater than 10 %, indicating a high degree of swelling, which can be attributed 

to a high affinity of methanol to the novolac epoxy and PU coating networks. After unrestricted 

evaporation for 168 hours, all three films decline in weight, suggesting a significant leaching of 

coating ingredients. The absorption of methanol swells and plasticizes the coating network and 

increases segmental chain mobility, thereby contributing to the migration of non-immobilized 

substances from the coating to the methanol solvent. Compared to NE-PA films, NE-CA films 

have a lower crosslinking density (XLD), which explains their relatively greater methanol uptake.  

For identification of the leached substances, GC-MS was used to analyze the methanol solutions 

after the immersion experiments, and benzyl alcohol was found to be the main substance leaching 

from NE-CA and NE-PA films. Benzyl alcohol is a plasticizer and present in abundance in the 

curing agents of the two novolac epoxy coatings. On the other hand, substances leaching from the 

PU films were identified as residual solvents, i.e., naphtha and xylene isomers.  

In Figure 5.3, changes in the storage modulus and the loss factor [tan (δ)] of NE-CA films after 

methanol desorption as a function of immersion time are shown. 
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Figure 5.3. DMA temperature scans of methanol-exposed NE-CA films after different immersion 

times and subsequent unrestricted evaporation at room temperature. (a) Storage modulus and (b) 

loss factor [tan (δ)]. 

 

For the first four hours, due to leaching of benzyl alcohol, the storage modulus of the films (at this 

stage in the glassy state) gradually increases. The presence of benzyl alcohol (i.e., a molecule with 

a hydroxyl group), disrupts the interchain hydrogen bonds in the coating network and reduces the 

storage modulus of the otherwise more glassy and rigid film. After 24 hours immersion in methanol, 

the film storage modulus does not change significantly. 

With longer immersion time, the peak of the loss factor shifts to higher temperatures as seen in 

Figure 5.3(b), suggesting an increase in the glass transition temperature (normally estimated from 

the location of the peak position) of NE-CA films. Note also the broadening of the peak of the loss 

factor with time, transforming into an overlapping peak after 24 hours. The left hand peak starts 

to shift to lower temperatures after 24 hours. This shift is caused by residual methanol, providing 

a plasticizing effect. In order to verify the influence of benzyl alcohol and methanol, the glass 

transition temperature was plotted against the weight loss of NE-CA films as shown in Figure 5.4. 

 

(a) (b) (a) (b) 
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Figure 5.4. The transient change of the average glass transition temperature against the weight 

loss of NE-CA films after the methanol desorption. The glass transition temperature was obtained 

from the peak position (left hand peak after 24 hours) in Figure 5.3(b). At each data point, the 

immersion time is provided and the standard deviations are shown with error bars. 

 

It can be seen that a nearly proportional increase of the glass transition temperature is observed 

with the weight reduction of NE-CA films, followed by a nearly linear decline with the weight 

increase caused by residual methanol. The correlations, indicating proportionality, suggest that the 

initial increase and latter decrease in the glass transition temperature are caused by the leaching of 

benzyl alcohol and the trapping of methanol, respectively [86]. 

The emergence of the right hand peak of the loss factor suggests some enhanced mechanical 

properties at higher temperatures and an increase in the coating glass transition temperature. This 

phenomenon cannot be explained by the plasticizing effect of benzyl alcohol or methanol. Similar 

increases in the glass transition temperatures of epoxy coatings, due to water ingress, were 

observed and attributed to multiple hydrogen bonds of water to the coating network [41,42,47]. 

Zhou and Lucas [41,42] proposed two types of bound water existing in epoxy resins. Type I bound 

water forms a single hydrogen bond with the epoxy network and gives a plasticizing effect; Type 

II bound water forms multiple hydrogen bonds, resulting in physical (secondary) crosslinking and 

contributes to an increase in the glass transition temperature in water saturated epoxy resin.  

Analogue to water, methanol, apparently, is also able to form multiple hydrogen bonds to the 

novolac epoxy network, giving strong interactions. According to the number of hydrogen bonds, 

the bound methanol is divided into two types. Type I bound methanol forms a single hydrogen 
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bond with the coating network, whereas Type II methanol forms two hydrogen bonds. Figure 5.5(a) 

illustrates the two types of hydrogen bonding model of methanol in a novolac epoxy network.  

 
  

 

Figure 5.5. Potential methanol complexes in (a) novolac epoxy and (b) PU networks. For Type II 

bound methanol, due to the weak hydrogen bond energy, the C−H···O hydrogen bonds are less 

important and not shown. 

 

Type I bound methanol possesses a low activation energy and the molecules can diffuse and 

evaporate spontaneously at room temperature, while an elevated temperature, due to a high 

activation energy, is required to remove Type II bound methanol. Following desorption, both Type 

I and II bound methanol remains in the coating network. Type I bound methanol plasticizes the 

network, accounting for the decline in the glass transition temperature (the left hand peak of loss 

factor). In contrast, Type II bound methanol forms bridging between chain segments and restricts 

chain motions, resulting in physical crosslinking. The latter increases the effective crosslinking 

density, thereby increasing the molecular weights of polymer chains participating in the glass 

relaxation and displacing the observed broadening of the loss factor peak to higher temperatures 

[46,47]. A similar phenomenon was observed for NE-PA films in Figure 5.6(a) for the peak of the 

loss factor, which shifts to lower temperatures due to residual Type I bound methanol and a peak 

at around 110 °C that emerges as a result of Type II bound methanol. With longer immersion time, 

the right hand peak becomes more pronounced for the two novolac epoxy coatings, indicating the 

continuous formation of Type II bound methanol.  

(a) (b) 
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Figure 5.6. Loss factors [tan (δ)] of methanol-exposed (a) NE-PA and (b) PU films with different 

immersion times and subsequent unrestricted evaporation at room temperature. 

 

For PU films, on the other hand, a single peak only can be observed as shown in Figure 5.6(b). 

This is due to the complete removal of the residual solvents and Type I bound methanol during the 

desorption step. Compared to the NE-CA and NE-PA films, the PU film has a much lower 

crosslinking density (XLD in Table 5.2) and glass transition temperature that facilitates the 

methanol desorption process.  

In an attempt to eliminate the influence of Type I bound methanol, NE-CA, NE-PA and PU films 

(with 168 hours immersion time) were additionally exposed to 60 °C for 168 hours. For these 

samples, DMA results are shown in Figure 5.7. 

  

(a) (b) 
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Figure 5.7. Loss factors [tan (δ)] of NE-CA, NE-PA, and PU films with 168 hours methanol 

immersion. Prior to the DMA measurements, all films were allowed unrestricted evaporation for 

168 hours at room temperature and another 168 hours at 60 °C. 

 

A single peak of the loss factor is evident for the NE-PA and NE-CA films, suggesting a complete 

removal of the Type I bound methanol. In Table 5.3, the weight losses and glass transition 

temperatures following the heat treatment are shown.  

 

Table 5.3. Weight loss (relative to the original non-exposed film), Ml, and the glass transition 

temperature of the NE-CA, NE-PA, and PU coatings (168 hours methanol immersion).  

Coating Ml (wt%) 
Glass transition temperature (°C) 

Original Methanol-immersed 

NE-CA -9.33 56.2 113.6 

NE-PA -5.41 82.6 108.6 

PU -5.26 55.4 70.9 

 

Compared to the weight loss in Table 5.2, an additional 2-3 wt% methanol was removed from the 

NE-CA and NE-PA coatings, while the weight of the PU coatings remains stable. After the 

methanol desorption, a significant increase in the glass transition temperature can be seen for all 

three films as a likely consequence of increased crosslinking density by Type II bound methanol. 

The NE-CA and NE-PA films have similar glass transition temperatures (about 110 °C) after 

methanol exposure. This is due to similar physical crosslinking formed by Type II bound methanol. 



96 

 

The two novolac epoxy coatings have the same novolac epoxy binder and were both cured with 

amine curing agents so that the similar type of hydrogen bonds should be formed. Moreover, the 

glass transition temperature after methanol exposure is close to the value of an epoxy-amine 

coating after water desorption [47]. The energy of Type II bound methanol is expected to be close 

to Type II bound water due to the formation of similar types of hydrogen bonds (i.e., O−H···O and 

O−H···N). However, after methanol exposure, the glass transition temperature of the PU film is 

significantly lower than the two novolac epoxy coatings. Methanol can form physical crosslinking 

with two hydrogen bonds to the PU network as shown in Figure 5.5(b), but the N−H···O hydrogen 

bond (present in the cured PU network) only has approximately half the bonding strength of the 

O−H···O and O−H···N hydrogen bonds, i.e., 8 – 12 against 20 – 25 kJ/mol [105]. Therefore, a 

lower energy is required to break the hydrogen bonding formed by the Type II bound methanol in 

the PU network. This explains the low glass transition temperature of the PU film after methanol 

exposure.  

 

5.4.2 Methanol permeation rate 

Using the one-chamber permeation cell, the permeability and permeation rate of methanol through 

NE-CA, NE-PA, and PU films were measured, and the results are presented in Figure 5.8. 
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Figure 5.8. Methanol weight loss from permeation cells with films of (a) NE-CA, (b) NE-PA, and 

(c) PU. A magnified view (red dashed rectangle) of the first 30 hours of the NE-CA films is shown 

in a subfigure of (a). The coating thicknesses are provided next to the sample names.  

 

(c) 

(b) 

(a) 
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For the NE-CA films, the cells begin to lose weight after approximately five hours (see the 

subfigure in Figure 5.8(a)), suggesting the arrival of methanol at the outer surface of the films. 

This time lag is the so-called breakthrough time required by methanol to penetrate fully the NE-

CA film. After the breakthrough time, a sharp and almost linear increase in weight loss is observed, 

suggesting a constant permeation rate of methanol. However, after ten hours, the permeation rate 

gradually declines. For NE-PA and PU films, methanol exhibits a similar phenomenon of a 

decreasing permeability as shown in Figure 5.8(b) and (c). This declining permeation rate can be 

explained by a combination of the two factors discussed earlier: the leaching of solvents and 

plasticizers, and the physical crosslinking by Type II bound methanol. The leaching process 

contributes to a denser film with increases in the glass transition temperature, thereby decreasing 

the permeation rate [34,40]. Type II bound methanol increases the effective crosslinking density 

and reduces the free volume, which again lowers the permeation rate.  

The forming of Type I bound methanol is a fast process that can almost keep up with the moving 

diffusion front [102,104]. Oppositely, the forming of type II bound methanol is a relatively slow 

process. This process is time and temperature dependent and requires longer time and higher 

temperatures for it to lead to an abundance of Type II bound methanol. Therefore, gradually, the 

permeability rate of methanol becomes lower as the continuous forming of Type II bound methanol 

increases. The rates of penetration and permeation of methanol across NE-CA, NE-PA, and PU 

films are provided in Table 5.4.  
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Table 5.4. Breakthrough velocity (Rb) and permeation rate (Rperm) of methanol across NE-CA, 

NE-PA, and PU films. 

Coating 
Rb

a 

(×10-8 m/s) 

Rperm (× 10-6 mol/(m2∙s)) 
Reduction of 

Rperm
d (%) After 

breakthroughb Endc 

NE-CA 1.96 7.94  75.1 75.1 

NE-PA 0.48 3.10 60.3 60.3 

PU 2.25 9.48  57.1 57.1 

a. Rb  is the ratio of coating thickness to the breakthrough time (= δcoating/tb).   

b. Average permeation rate in the first 24 hours after the breakthrough of methanol. 

c. Average permeation rate from 144 to 168 hours. 

d. Reduction of permeation rate (=100 – Rperm,end/Rperm,after breakthrough × 100). 

 

In descending order of performance, the coating barrier properties are as follows: NE-PA > NE-

CA > PU. It can be seen that the rates of penetration and permeation all fall with increasing 

crosslinking density (see XLD in Table 5.2) and glass transition temperature (Table 5.3). Moreover, 

a significant reduction of the permeation rate (≥ 50 %) was observed for all three coatings.  

 

Permeability measurement across thermoplastic films 

To compare with the thermoset coatings, the permeability rate of methanol through two 

thermoplastic films, i.e., LDPE and PMMA films, were measured. The results are present in Figure 

5.9. 
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Figure 5.9. Methanol weight loss from the permeation cell with films of (a) LDPE and (b) PMMA. 

 

It can be seen that the rates of methanol permeation (i.e., the slopes) are approximately constant 

for LDPE and PMMA films after the breakthrough. Due to a lack of strong electronegative atoms 

(i.e., O, N and F), methanol cannot form hydrogen bonding with the LDPE matrix. Therefore, the 

LDPE films have a time-independent resistance to methanol. For the PMMA films, methanol can 

interact with ester groups via hydrogen bonding. However, without NH or OH groups in the 

PMMA matrix, only Type I bound methanol is possible, which explains the constant permeation 

rates of PMMA films. A constant permeation rate is expected when methanol is not bound or only 

forms one hydrogen bonding to the polymer network. 

 

Permeability measurement across methanol-exposed coating 

From the methanol absorption and desorption data, it was seen that the physical degradation of the 

three coatings came to a halt after immersion for approximately 168 hours. Therefore, a constant 

permeability rate is expected when using methanol-exposed coating films. Consequently, NE-CA 

films were pre-exposed to methanol [(NE-CA(Me)], that is, methanol absorption for 168 hours 

and then desorption for 168 hours prior to performing of permeability measurements. The results 

are shown in Figure 5.10. 

 

(a) (b) 
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Figure 5.10. Methanol weight loss from permeation cells of methanol-exposed NE-CA films (NE-

CA(Me)) with 168 hours immersion in methanol. Prior to the permeation experiments, the NE-CA 

films were allowed unrestricted evaporation for 168 hours at room temperature.  

 

It can be seen that the breakthrough time is about 50 hours, nine times higher than the original NE-

CA samples, which significantly impedes the penetration process and prolongs the lifetime of the 

coating. After methanol breakthrough, an almost linear weight loss is seen, suggesting consistent 

coating properties. Physical degradation, i.e., leaching of a non-immobilized substance and 

forming of Type II bound methanol, almost completes after 168 hours immersion in methanol. In 

addition, this physical degradation is an irreversible process, that is, NE-CA(Me) films do not 

revert to the original state after methanol desorption at room temperature. The average permeation 

rate is 1.63 × 10-6 mol/(m2∙s), which is 82 % of the original samples after 168 hours (Table 5.4). A 

faster degradation takes place in the double-sided pre-exposed samples. The permeation rates of 

NE-CA samples in Figure 5.8(a) tend to continuously decrease until eventually converges to the 

rate of the NE-CA(Me) samples.  

 

5.4.3 Water and ethanol absorption and desorption 

The mechanical and barrier properties of coatings were seen to improve after methanol exposure. 

Other hydroxyl solvents, i.e., water and ethanol, are expected to have similar effects and this was 

therefore investigated for NE-CA films and compared to the methanol experiments. The NE-CA 

films were immersed in the solvent at room temperature for 168 hours and then allowed to 
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evaporate at room temperature for 168 hours. The associated weight changes are shown in Table 

5.5.  

 

Table 5.5. Weight changes of NE-CA films after immersion for 168 hours (Mi) followed by 

unrestricted evaporation for 168 hours (Ml). 

Solvent Mi (wt%) Ml (wt%) Ms (wt%)a 

Water 2.24  -0.56  2.80 

Ethanol 5.60  -2.56 8.15 

a. Ms = Mi – Ml, is the approximate weight gain of solvent after immersion for 168 hours. 

 

With a higher affinity to the novolac epoxy, methanol (Table 5.2) and ethanol cause much greater 

swelling than water upon absorption. In descending order of the amount leaching, the effects of 

solvents on the physical coating degradation are as follows: methanol > ethanol > water. The small 

molecular size and high affinity to the coating network contribute to the absorption of methanol, 

thereby resulting in the most severe physical degradation. DMA tests were performed on NE-CA 

films after solvent desorption and the results shown in Figure 5.11.  

 

 

Figure 5.11. Loss factors [tan (δ)] of NE-CA films with 168 hours immersion in water and ethanol. 

All films were allowed unrestricted evaporation for 168 hours at room temperature prior to the 

DMA measurements. 
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For the films following water exposure, a slightly overlapping peak of the loss factor was observed, 

suggesting the forming of Type II bound water that forms multiple hydrogen bonds with the 

coating network, but the amount of bound water is small. The slow rate of water absorption 

decreases the rate of formation of Type II bound water. Therefore, a high temperature is often 

required to accelerate the water absorption and forming of Type II bound water [41,47]. After 

ethanol exposure, a single peak of the loss factor was observed. This implies that ethanol does not 

form multiple hydrogen bonds to the coating network. The amount of absorbed ethanol is large 

(comparable to methanol), indicating the absorption process is not a determining factor for the 

forming of Type II bound ethanol. The molecular size of ethanol is greater than for water and 

methanol, which may not allow it to reach the sites for multiple hydrogen bonds. Moreover, the 

ethyl group of ethanol provides a steric hindrance effect and prevents the forming of multiple 

hydrogen bonds to the coating network. In comparison to water and ethanol, methanol is more 

efficient in evoking the physical degradation that improves the mechanical coating properties. 

 

 Conclusions 

The mechanical and barrier properties of novolac epoxy and polyurethane coatings were 

significantly enhanced after physical degradation by methanol. Upon film penetration, methanol 

interacts with the coating network via hydrogen bonding. Two types of bound methanol exist: 

Type I bound methanol forms a single hydrogen bond with the coating network, whereas Type II 

bound methanol forms two hydrogen bonds. Type I bound methanol swells and plasticizes the 

coating network, accelerating the leaching of non-immobilized substances, such as plasticizers and 

residual solvents. In contrast, Type II bound methanol forms physical crosslinking and restricts 

the segmental mobility, thereby causing significant increases in the coating glass transition 

temperature and the associated declining rates of permeability. For two thermoplastic reference 

materials, Type II bound methanol was not observed. 

In comparison to water and ethanol, methanol causes more severe physical degradation, i.e., higher 

degrees of leaching and a faster rate of formation of Type II bound complex. The enhancement of 

the mechanical and the barrier properties of the films suggests that, potentially, methanol exposure 

can be applied to improve coatings performance. 
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Chapter 6  

Hypotheses discussion 

This chapter evaluates the hypotheses presented in Chapter 2. Based on the experimental 

observations of Chapters 3 to 5, each of the hypotheses is determined to be either true or false.   

 

Part I Curing under evaporation-suppressed conditions 

Hypothesis 1 The evaporation-suppressed conditions lead to the trapping of solvents in organic 

coatings and result in adverse effects on coating mechanical properties. 

From the curing study of polyurethane coatings in Chapter 3, it was found that in the evaporation-

suppressed conditions (i.e., the closed exposure chambers), the evaporation of solvent slowed 

down due to the accumulation of solvents in the air. This results in the trapping of solvent in the 

polyurethane coatings. Due to a plasticizing effect, the residual solvent was proved to decrease the 

coating hardness and glass transition temperature. Therefore, hypothesis 1 is true. 

 

Hypothesis 2 Interlayer migration of solvents in a multilayer coating system can take place and 

side reactions occur when the migrating solvents get into contact with the binder or curing agent. 

In Chapter 4, the curing of epoxy-polyurethane coatings was investigated and the evaporation-

suppressed condition was found to result in trapping of solvents in the epoxy-polyurethane coating 

system. In particular, 1-butanol in the epoxy primer was proved to migrate into the polyurethane 

topcoat and engage in side reactions with isocyanates, which consumed the curing agent without 

increasing the polyurethane crosslinking density. In addition, the kinetic study was performed to 

investigate the reactivity of different hydroxyl molecules with the isocyanate crosslinker. It was 

found that 1-butanol had a reactivity of two hundred times higher than that of the polyol binder in 

the polyurethane system, which further supports the occurrence of the competitive reaction. 

Therefore, hypothesis 2 is true. 

 

Part II  Methanol degradation 

Hypothesis 3 Methanol degradation of epoxy-amine and polyurethane coatings is purely 

physical. 
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From the methanol degradation study in Chapter 5, simultaneous leaching of certain coating 

ingredients and binding of methanol to the coating matrix via hydrogen bonds were evidenced, 

which proved the occurrence of physical degradation. From the GC-MS analysis of leached 

substances, only plasticizers and/or residual solvents were found in the methanol solution, 

suggesting that chemical degradation did not take place. Therefore, hypothesis 3 is true. 

 

Hypothesis 4 The methanol degradation deteriorates the mechanical and barrier properties of 

the coatings involved. 

The DMA results in Chapter 5 show an increase of the glass transition temperature after methanol 

exposure. In addition, the permeability of methanol across the coating free films was observed to 

decrease gradually over time. These observations contradict the hypothesis. The observed 

phenomena were mainly attributed to the forming of physical crosslinking by methanol that forms 

more than two hydrogen bonds to the coating network. Therefore, hypothesis 4 is false. 
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Chapter 7  

Thesis conclusions and further work 

 Conclusions 

The work in this thesis has mapped the influence of external ventilation conditions, i.e., freely 

evaporating and solvent evaporation-suppressed conditions, on the curing and hardness 

development of organic coatings, and investigated the effects of methanol degradation on coating 

mechanical and barrier properties. 

During the curing of organic coatings under evaporation-suppressed conditions, a quantitative 

analysis of the simultaneous solvent evaporation, chemical curing, and hardness development was 

conducted. The evaporation-suppressed conditions reduced the rate of solvent evaporation and 

thereby increased the amount of residual solvent(s) trapped inside the coatings. For one-layer 

polyurethane coatings, it was found that the residual solvent acted as a plasticizer and decreased 

the coating hardness. For two-layer epoxy-polyurethane coatings, in addition to the plasticizing 

effect of residual solvents, the residual 1-butanol solvent in the epoxy primer was found to migrate 

into the polyurethane topcoat and consumed isocyanates. This side reaction reduced crosslinking 

density, thereby resulting in severely inadequate curing of the polyurethane topcoat, and 

insufficient hardness development of the two-layer coating system. The reactivity of 1-butanol was 

found to be two orders of magnitude faster than that of the polymeric polyol of the polyurethane 

coating, which explains the negative effects of the 1-butanol migration.  

To obtain the required hardness of organic coatings, it is important to ensure sufficient evaporation 

of the solvent(s) and avoid the side reactions caused by interlayer molecular migration. The 

evaporation rate can be boosted by adjusting ventilation conditions, but this only works prior to 

reaching the vitrification point of the coating. Additionally, the catalyst concentration in the 

coating can be reduced to slow the curing process, thereby prolonging the time to reach the coating 

vitrification point and contributing to solvent evaporation. To reduce side reactions of coating 

components with migrating solvent, less reactive or even non-reactive polar solvents can be used. 

As an example, the use of the solvent 2-butanol was proved to significantly improve the hardness 

development of the epoxy-polyurethane coating system, as a consequence of its less reactivity than 

1-butanol towards isocyanates. 
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To explore the hardness reduction mechanism induced by residual solvent, the Kelley-Bueche 

equation was successfully used to simulate the coating glass transition temperature as a function 

of the polyurethane volume fraction, which proved the addition of the free volume of residual 

solvents into the coating matrix. Besides, the coating surface conditions were evidenced to affect 

the measured hardness value using the pendulum method. A rougher surface was found to slightly 

reduce the measured pendulum hardness, whereas amine blush on the coating surface significantly 

reduced the pendulum hardness value. Therefore, it is important to take into account the surface 

effects when using the pendulum hardness method. 

The other part of the project studied methanol degradation of novolac epoxy and polyurethane 

coatings using immersion experiments and permeation cells. Methanol exposure was found to 

result in significant enhancement of the coating mechanical and barrier properties. Methanol 

interacts with the coating network through hydrogen bonding and two types of bound methanol 

exist: Type I bound methanol forms a single hydrogen bond with the coating network whereas 

Type II bound methanol forms two hydrogen bonds. Type I bound methanol swells and plasticizes 

the coating network, accelerating the leaching of non-immobilized substances, such as plasticizers 

and residual solvents. In contrast, Type II bound methanol forms physical crosslinking and restricts 

the segmental mobility, causing significant increases in glass transition temperature and declines 

in permeability. In comparison to water and ethanol, methanol causes higher leaching degree and 

faster rate of forming of Type II bound complex. In addition, the enhancement of coating 

mechanical and barrier properties suggests that, potentially, methanol exposure can be applied to 

cured coating films to improve coating performance. 

In summary, the limited ventilation conditions lead to improper curing of organic coatings by 

trapping and subsequent interlayer migration of solvents, as well as possible side reactions of the 

migrating solvents towards coating crosslinkers. Furthermore, the methanol degradation study 

identified the forming of Type II bound methanol in the coating network, which forms physical 

crosslinking and thereby enhances coating mechanical and barrier properties.  

 

 Suggestions for future work 

The insufficient hardness development of epoxy-polyurethane coating was mainly attributed to the 

large consumption of isocyanates by side reactions towards migrating 1-butanol, which has a 
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higher reactivity than the polyol in the polyurethane coating. From the perspective of minimizing 

or even eliminating the side reactions, the challenge can be solved by modifying the formulation 

of epoxy or polyurethane coatings. In this project, 2-butanol was used to substitute 1-butanol in 

the epoxy formulation and successfully enhanced the hardness development of the two-layer 

epoxy-PU coating system under the evaporation-suppressed conditions. Similarly, another less 

reactive or non-reactive polar solvent can be selected to substitute 1-butanol in the epoxy primer. 

Besides, an alternative strategy is to find a new polymeric polyol with a higher reactivity towards 

the isocyanates than 1-butanol. The electron-withdrawing ester group (near the hydroxyl group) 

of the polymeric polyol is considered to reduce the reactivity of the polymeric polyol towards 

isocyanates. Therefore, the polyols should have their hydroxyl groups several carbons away from 

the electron-withdrawing groups to increase their reactivity towards isocyanates. The other types 

of polyols, such as polyesters, might be used in the polyurethane formulation. Moreover, a catalyst 

of polyol-selectivity might be chosen to solve the problem of the side reaction. 

In the methanol degradation study, the leaching of non-immobilized coating ingredients and 

forming of hydrogen bonding of methanol to the coating network were coupled and resulted in the 

increase in the effective crosslinking density. To obtain the individual influence of the bound 

methanol, a coating with only binder and curing agent can be studied. Furthermore, the mechanism 

of two types of bound methanol was proposed to explain the increased glassy transition 

temperature of methanol-exposed coatings. Additional experiments can be performed to verify the 

proposed mechanism. Methanol desorption experiments at different temperature can be carried out 

to determine the activation energies of the two types of bound methanol. Besides, a mathematical 

model including the influencing of the physical crosslinking formed by Type II bound methanol 

can be developed to simulate the results of methanol permeation experiments. Finally, methanol 

exposure was found to enhance the coating mechanical and barrier properties. It is worthwhile to 

explore the feasibility of using this exposure method as a pre-treatment to improve coating 

performance.    
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