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ABSTRACT 

 

The adhesion of coatings is of high importance in the coating industry and a more thorough 

understanding of adhesion behavior is required. In this thesis work, seven parameters affecting 

adhesion of silane-modified poly(urethane urea) (PUSi) coatings on pretreated steel and aluminum 

substrates were studied. These parameters include substrate type, dry film thickness (20-30 and 60-70 

µm), solid content (40, 60, and 70 wt%), resin ratio between two different types of PUSi (PUSi-A: 

PUSi-B = 70:30, 50:50, and 30:70 wt ratio), crosslinking density, additive, and curing condition. The 

different pretreatments of substrates include solvent wiping, sandblasting, phosphating, and 

galvanizing. A commercial paint product (‘yellow topcoat’) was used as a reference for the study of 

substrates and additives. Several formulations of clearcoat, prepared from the same PUSi resins as the 

commercial paint product, were mainly used in every experiment. The obtained coatings were tested 

for their adhesion properties using cross hatch adhesion test, bending test, and humidity resistance test. 

The film hardness and thermo-mechanical properties were evaluated with König pendulum hardness 

test and Dynamic Mechanical Analysis (DMA), respectively. Surface energies of all substrates were 

analyzed with Contact Angle Measurement (CAM). The PUSi-A and PUSi-B resins used in the 

coating formulations were characterized with Differential Scanning Calorimetry (DSC), Size-

Exclusion Chromatography (SEC), and Fourier Transform Infrared Spectroscopy (FT-IR). The results 

showed a correlation between poor adhesion properties and the relatively low surface energies of some 

substrates, namely cold-rolled steel (CRS), industrial ACE aluminum, and standard Q aluminum. The 

use of silane-functional crosslinking agent and silane adhesion promoters in the coatings has greatly 

enhanced adhesion. The increase in film hardness via increased crosslinking density also did not 

hinder the adhesion due to the presence of silane groups in the crosslinker. Additionally, increased 

time and temperature during curing showed positive effects. However, the variation of resin ratio, 

solid content, and film thickness did not offer significant adhesion improvement in this study.   

 

Keywords: adhesion; coatings; metal substrates; silanes; polyurethanes; surface energy; crosslinking 

agent, adhesion promoters 
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Sammanfattning 

 

Adhesionsegenskaperna hos ytbeläggningar är av stor betydelse i färg- och lackindustrin och en 

djupare förståelse av vidhäftning är av stor betydelse. I detta uppsatsarbete studerades sju parametrar 

som påverkar vidhäftning av silanmodifierad poly(uretan-urea) (PUSi)-beläggningar på stål- och 

aluminiumsubstrat. Dessa parametrar inkluderar substrattyp, torr filmtjocklek (20-30 och 60-70 µm), 

torrhalt (40, 60 och 70 viktprocent), mängdförhållandet mellan två olika typer av PUSi (PUSi-A: 

PUSi-B = 70:30, 50:50 och 30:70 viktprocent), tvärbindningsdensitet, tillsatsmedel och 

härdningsbetingelser. Förbehandlingen av substraten inkluderar lösningsmedelsavtorkning, 

sandblästring, fosfatering och galvanisering. En kommersiell ytbehandlingsprodukt innehållandes gula 

pigment (gul topplack) användes som referens. Flera formuleringar av klarlack, framställda av samma 

PUSi-hartser som den kommersiella produkten, användes i det experimentella arbetet. Beläggningarna 

testades med avseende på deras vidhäftningsegenskaper med ’cross-hatch’-test, böjningstest och 

fuktbeständighetstest. Filmhårdhet och termomekaniska egenskaper utvärderades med König 

pendelhårdhetstest respektive Dynamisk Mekanisk Analys (DMA). Ytenergier för alla substrat 

analyserades med kontaktvinkelmätning (CAM). PUSi-A- och PUSi-B-hartserna som användes i 

ytbeläggningarna karaktäriserades med Differential Scanning Calorimetry (DSC), Size-Exclusion 

Chromatography (SEC) och Fourier Transform Infrared Spectroscopy (FT-IR). Resultaten visade en 

korrelation mellan dålig vidhäftning och låga ytenergier för vissa underlag, främst kallvalsat stål 

(CRS), industriellt ACE-aluminium och standard Q-aluminium. Användningen av silan-funktionell 

tvärbindare och en silan-baserad primer förbättrade vidhäftningen avsevärt. Ökningen i filmhårdhet 

genom högre tvärbindningsdensitet resulterade inte i sämre vidhäftning eftersom tvärbindaren 

innehåller silan-grupper vilket bidrog till att upprätthålla vidhäftningen. Längre tid och högre 

temperatur vid härdning gav generellt bättre vidhäftning, liksom tillsats av urea. Att variera mängden 

bindemedel, torrhalt eller filmtjocklek gav inte någon signifikant på verkan på vidhäftning i denna 

studie. 

 

Nyckelord: vidhäftning; beläggningar; metallunderlag; silaner; polyuretaner; ytenergi; 

tvärbindningsmedel, vidhäftningspromotor 
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List of Abbreviations 

 

CAM Contact Angle Measurement 

CC Clearcoat 

CRS Cold-Rolled Steel 

DMA  Dynamic Mechanical Analysis 

DSC Differential Scanning Calorimetry 

FT-IR Fourier Transform Infrared Spectroscopy  

PUSi Silane-modified poly(urethane-urea) 

rpm round per minute 

RT room temperature 

SEC Size-Exclusion Chromatography 

Tg Glass transition temperature 

wt% weight % 
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1. Background 

 

Adhesion is a crucial property of coating materials [1]. Good adhesion allows the materials to function 

properly as coatings on the substrates [2]. However, adhesion is a complicated issue with multiple 

contributing factors included and current scientific understanding of these factors is still inadequate [1].   

Adhesion of coatings relies on both chemical and physical parameters [1][2]. In principle, coatings with 

polar functional groups have the potential to adhere to metal substrates, either via secondary bonding 

in most cases, or primary bonding in some cases [2]. Nonetheless, basic chemical interactions alone 

may not always be sufficient and thus a variety of surface pretreatment techniques are implemented in 

the industry including surface roughening techniques such as sandblasting and phosphating to enhance 

mechanical adhesion [2]. Furthermore, surface energy of the substrates will determine the wetting 

phenomenon, which also affects adhesion [1-3].    

    

Apart from theoretical explanations, many other practical factors also have influences. These factors 

include thickness [4-8], thermo-mechanical properties of the films [9], application techniques [4], and 

pretreatments of the substrates [1][2], for example. These variations can generate problems in adhesion 

properties of coating products.   

 

For this reason, it is essential to obtain better clarification and understanding of the influences of 

different factors correlated with adhesion. This will be highly beneficial for the optimization of the 

coating systems in order to offer good adhesion with a chosen substrate, especially in the application 

of direct-to-metal (DTM) coatings.  

 

This research was conducted at Beckers Group in Märsta, Sweden, as a thesis project of the Division 

of Coating Technology, Department of Fibre and Polymer Technology, KTH Royal Institute of 

Technology.  

 

 

 

2. Aim of Study 
 

This study aimed to clarify the influences of seven parameters (substrate type, film thickness, solid 

content, resin ratio, crosslinking density, additive, and curing condition) on adhesion properties of 

coatings on metal substrates. The coatings of interest are based on silane-modified poly(urethane urea) 

and the substrates are steel and aluminum of different pretreatments. 
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3. Theory 

 

3.1 Mechanisms of Adhesion  

 

Adhesion is defined as the work required to detach two adhering interfaces [1]. Three major phenomena 

contributing to adhesion include 1) chemical bonding, both primary (covalent and ionic bonds) and 

secondary bonding (hydrogen bonds and van der Waals forces), 2) mechanical bonding, and 3) 

thermodynamic influences [2][9][10]. 

 

In general, adhesion between coatings and substrates mostly results from secondary bonding since 

primary bonding is relatively unlikely to occur, especially with metal substrates such as steel [2]. A few 

exceptions where primary bonds can take place are phosphoric acid-based vinyl butyral wash primers 

(etching primers applied on metal substrates prior to painting for corrosion protection) and siloxirane-

based coatings, for example [2].     

 

Secondary bonding can be generated more easily via polar interactions [2]. Coatings made from 

common types of resins such as epoxy, polyurethanes, and polyesters are polar due to the presence of 

hydroxyl, urethane, and carboxyl functional groups, respectively [2]. Metal substrates are also naturally 

polar due to their oxidized surfaces [1]. Functionalities on metal surfaces can also be increased or added 

by pretreatments such as blast cleaning [11] and complex oxide treatments [12].      

 

Mechanical bonding is known as an effect resulting from surface roughness [2]. Figure 1 illustrates the 

comparison between a smooth (A) and a rough surface (B). Two explanations behind its adhesion-

enhancing contribution are widely discussed: 1) simple interlocking between the rough surface and the 

parts of coating that flow and solidify in those pores and crevices of the surface, and 2) the increase in 

surface area which allows more chemical interactions to take place and thus gives stronger adhesion, 

regardless of the mechanical action. Both of these assumptions are acceptable among researchers 

today [1][2]. However, it is crucial that the coating completely fills the pores of the surface. If the filling 

is incomplete and some gaps are left between the solidified coating and the substrate as shown in 

Figure 1 (C), not only will the contact area be reduced but these will also become the weak spots 

where water or contaminants can permeate into and conversely bring about delamination or corrosion 
[1].             

 
           (a)           (b)     (c) 

Figure 1: Geometries of (a) a smooth surface, (b) a rough surface, and (c) a rough surface with 

incomplete penetration of coating (Adopted from Wicks et al, 2007) [1]. 

 

Finally, adhesion is also affected by thermodynamics of the system [1][2]. When the coating and the 

substrate get into physical contact, thermodynamics determine their ‘wetting’ behavior, which occurs 

before most chemical bonding can be formed [2]. Theoretically, a liquid will wet a substrate if the 

surface energy of the substrate is higher than that of the liquid [2]. This surface energy refers to the 

energy required for the material to form a unit area of surface, reported as joules/m2 or dyne/cm. The 

difference in surface energies will result in different contact angles of the liquid dropped on the 

substrates, as illustrated in Figure 2. The system is considered to have good wetting if the contact 

angle is between 0-90º and bad wetting if the angle is larger than 90º [3]. 
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Figure 2: Contact angle of a liquid droplet on a solid substrate (Illustration from Weldon, 2009) [2]. 

 

3.2 Metal Substrates 

 

3.2.1 Steel 

 

The term “steel” refers to an alloy of iron and carbon (below 2.5% [13]), with some other minor 

elements such as manganese, sulfur, and silicon [13][14]. Among different grades of steel, low carbon 

steel (mild steel) with < 0.25% carbon is most common in general applications from food cans to 

structural steel [15]. A bare steel surface typically consists of iron oxide and iron hydroxide generated 

from natural oxidation [1].  

 

Cold-rolled steel    

Cold-rolled steel is standard low-carbon steel produced via rolling process under pressure at room 

temperature, which force the material to undergo work-hardening. This gives the steel high strength, 

hardness, dimensional stability, and simultaneously a uniform surface finish [16].   

 

Galvanized steel    

Galvanized steel is the steel that has been coated with zinc on the surface to prevent corrosion [17]. The 

treatment can be done by hot-dip galvanizing, the most common method, electroplating, spraying, 

sherardizing, mechanical plating, or simple coating with zinc-rich paint [17]. Hot-dip galvanizing is 

done by dipping clean steel parts in molten zinc and allowing the reactions between zinc and steel 

surface to occur. This process will result in multiple coating layers of iron-zinc alloys attached to the 

steel surface in which the topmost layer is pure zinc [17]. This pure zinc surface can eventually form 

into a thin layer of zinc oxides or zinc carbonates [2].  

 

3.2.2 Surface cleaning and pretreatment of steel 

 

The simplest cleaning method of metal surfaces is ‘solvent cleaning’ via wiping, vapor degreasing, or 

emulsion cleaning. This is done to remove oil and other common contaminants on metal surfaces, 

which will reduce surface tension of the substrates if remained [2][1].  

 

For high-performance applications, more aggressive cleaning techniques are used, widely known as 

‘blast cleaning’ [2]. Several types of abrasive substances can be used for blasting such as silica sand 

(this is so called ‘sandblasting’, the most common blasting technique in the industry [1]), steel grit [18], 

water-soluble abrasives (e.g. salt and sodium bicarbonate) [19], dry ice pellets (‘cryogenic cleaning’) 
[20], plastic pellets, aluminum oxide, or ultrahigh-pressure water (‘hydroblasting’) [21].  Blasting is 

highly effective at removing rust, surface contaminants, and generally the whole surface of steel [1]. 

This results in rough surfaces, the scenario that can promote adhesion of coating on the substrate [1][2].  
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However, for better corrosion resistance and smoothness of the surface, many applications use 

chemical pretreatments instead.  Chemical pretreatments, or also called ‘conversion coatings’, refer to 

the treatment techniques in which metallic phosphate-based chemicals are applied on metal substrates 

via spraying or immersion [1]. Common examples of these conversion coatings for steel include iron 

phosphate and zinc phosphate [1].    

 

An iron-phosphated steel substrate is produced by treating the substrate with a solution of phosphoric 

acid with some amount of metal ions (e.g. Zn2+, Mn2+, Ca2+, Na+, Mg2+, or Fe2+) [22]. The system will 

undergo oxidation-reduction reactions in which the surface of iron substrate is oxidized into iron(II) 

oxide (Fe2+) as shown in Equation 1 and the phosphoric acid is dissociated into a primary phosphate 

(H2PO4
-) via the equilibrium in Equation 2. The evolution of hydrogen in Equation 1 will increase the 

pH and drive the hydrolytic equilibrium of phosphates towards the formation of insoluble tertiary 

phosphate (PO4
3-) [22][23][24]. Eventually, although the exact reactions are not clarified, it is observed that 

the insoluble iron-phosphate (FePO4) precipitates all over the surface [24] as illustrated in Figure 3. The 

resulted substrate will have iridescent look with the color ranging from gold to blue or violet [11]
.  

 

  Fe   +   2H+     →   Fe2+   +   H2 ↑  (1) 

 

   H3PO4     ⇌    H2PO4
- + H+    ⇌    HPO4

2- + 2H+    ⇌     PO4
3- + 3H+  (2) 

   

 
Figure 3: Illustration of iron-phosphate coating on a steel substrate. 

 

The enhancement of adhesion by phosphating is mainly influenced from the increased surface area as 

a result of the generated anchor points of iron-phosphate structure, i.e. the surface roughness has been 

increased, as shown in Figure 4 (Popić et al, 2011) [25]. Also, an AFM analysis in the study conducted 

by Jegdić et al (2001) [26] proved the structure of non-uniform platelet crystallites on the phosphate 

steel surface (Figure 5). This rough surface has two significant effects on adhesion: it brings higher 

density of secondary bonding, namely Van der Waals and hydrogen bonding, at the interface, and at 

the same time allows mechanical adhesion to occur as the coating liquid can flow into porous surface 

of the substrate, creating effective interlocking [26].   

 

 
Figure 4: SEM micrograph of iron-phosphate coating on steel deposited in phosphating bath  

with 0.5 g dm−3 NaNO2 at 40°C (Illustration from Popić et al, 2011) [25]. 

Steel substrate 
 FePO4 
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  (a)   (b) 

Figure 5: AFM image and height profile of (a) bare steel and (b) iron-phosphate coated steel  

(Adopted from Knudsen & Forsgren, 2017) [26].  

  

Iron phosphating process is low-cost and relatively easy to be done in terms of the equipment and 

wastewater management [11]. Nevertheless, iron-phosphate layer is typically porous and thin (approx. 

0.2-0.9 g m-2 [27]), insufficient to prevent corrosion under outdoor exposure [11]. It can be, however, 

used in moderate exposure environments [28].    

 

In contrast, zinc-phosphate layer has greater thickness (approx. 1.6-3.2 g m-2 [27]) and can act as an 

effective barrier preventing the metal substrate from corrosive agents that can be spread from the 

coating film [24]. Hence, it is commonly used for outdoor applications such as automobiles. The 

solution used for zinc phosphate coating is comprised of primary zinc phosphate (Zn(H2PO4)2) and 

excess phosphoric acid. The resulted steel surface will contain both zinc-rich phosphate and iron-rich 

phosphate precipitates, typically hopeite (Zn3(PO4)24H2O) and phosphophyllite (FeZn2(PO4)24H2O), 

respectively. Zinc phosphating process is more expensive than the iron phosphate and requires greater 

controlled condition [11]
. 

 

It should also be noted that there is an optimum in thicknesses of phosphate coatings: only the initial 

single-crystal-thick layer should be formed in order to obtain smooth appearance [29]. This first layer is 

dense and adheres well to the substrate surface, while the next layer will be porous and can give 

distinct roughness [11]
.      

   

  

3.2.3 Aluminum 

 

An aluminum surface is usually covered with a thin layer (1-10 nm) of aluminum oxide as a result of 

natural oxidation [30][31]. This layer is dense and coherent, thus providing great protection against 

corrosion [30]. This effect is also called ‘passivation’ or ‘anodic protection’ in which the oxidized form 

of the metal itself acts as a protective layer, suppressing the corrosion of metal surface [30].  

 

Anodized aluminum 

Industrial aluminum is often pretreated with anodization to increase the thickness of its passive layer 

in order to optimize the corrosion resistance [32]. Anodizing process is done by immersing aluminum 
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parts in an acidic electrolyte solution while an electric current is being applied at low temperature [33]. 

This process gives aluminum products with hard and durable surface finishes [33]. 

 

Chemical pretreatments of aluminum 

In most cases, chemical treatment is unnecessary for general applications of aluminum [34]. For more 

extreme applications, aluminum can be treated with conversion coatings such as chromates [34], 

potassium permanganate [35], aluminum phosphate [27], zinc phosphate [27], and other alternative 

polycrystalline coatings [36].  Also, organosilane compounds are sometimes used to enhance adhesion 

and corrosion protection [34].  

 

 

3.3 Silanes 

 

3.3.1 Chemistry and applications of organosilanes 

 

‘Silanes’, or ‘organosilanes’, are hybrid molecules consisting of organic functional group(s) and 

inorganic silicon functional group(s) [37-39], as shown in Figure 6 (a). The organic end is designed to 

ensure compatibility with organic polymer matrix by carrying either a reactive group e.g. vinyl [40], 

amino [41], epoxy [42], methacrylate [43], or mercapto group [44], or an unreactive group e.g. alkyl group 
[44]. This part can diffuse into the polymer matrix, forming an interpenetrating polymer network (IPN) 

at the interphase [38]. The inorganic silane groups, on the other hand, form stable bonds with inorganic 

materials such as metal or glass. With this characteristic, organosilanes act efficiently as a bridge 

between those two dissimilar materials and thus have been widely used as ‘coupling agents’ or 

‘adhesion promoters’ as represented in Figure 6 (b) [37][38]. 

       
(a)   (b)  

Figure 6: (a) General structure of silane compounds (Illustration from Borup & Weissenbach, 2010)[37] 

(b) Function of silanes as coupling agents (Illustration from Pape, 2011) [38]. 

 

Moreover, the strong bonding formed by silanes also has great resistance against destructive 

environments such as moisture and heat, which is perfect for maximizing the durability of adhesive 

bonding [38][39]. Many studies have found that silanes can effectively improve corrosion resistance of 

coatings, e.g. polyurethane and epoxy coatings, on steel and aluminum substrates [41][42][44-49]. Other 

common applications of silane coupling agents include glass fiber-reinforced polymer composites [50], 

lamination of glass-polymer-semiconductors in solar panels [51], and steel wires reinforced elastomer in 

tires [52], for example.  

X = silicon functional group,  

      usually alkoxy-based (OR) 

Y = organofunctional group 
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Apart from their outstanding functions, silanes are considered more environmentally friendly than 

some conventional chemical pretreatments e.g. chromic acid and phosphate treatments, which contain 

more hazardous substances and consume more energy in the process [41][53].  

 

Silane adhesion promoters are applied to a coating system in two possible approaches: 1) as a primer: 

a thin layer of silane primer is treated on the substrate before applying the coating, and 2) as an 

additive in the coating: a silane compound is added directly into the coating system [38]. 

 

 

3.3.2 Reactions of silanes 

 

Silanes undergo two major steps of reactions to function as adhesion promoters: the hydrolysis of 

silanes to silanol groups and the condensation [41]. The condensation can be either with other silanol 

groups themselves or with the substrates [41][42]. Scheme 1 shows the formation of silanol (Si-OH) 

groups and the condensation reaction.  

 
Scheme 1: Chemical structure and reactions of aminosilanes (Adopted from Golaz et al, 2011) [41]. 

 

In case of the bonding with metal substrates, the surfaces of common metals, such as steel and 

aluminum, are generally present in hydrated state [1][31]. Also, in an ambient environment, merely 

residual moisture on the substrate surfaces is adequate to provoke the hydrolysis reaction to occur and 

thus the covalent bonds of Si-O-Metal can be formed [38]. Alternatively, the unreacted groups can also 

form hydrogen bonding with each other, as illustrated in Figure 7 [37].  

 
Figure 7: Possible reactions between silanol and inorganic surface: covalent and hydrogen bonds  

(Illustration from Borup & Weissenbach, 2010) [37]. 
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The condensation of silanol groups with aluminum surface was proposed by M. A. Abel (2011) [54] as 

shown in Figure 8.  

 
Figure 8: Condensation of an aminosilane with an oxidized aluminum surface  

(Illustration from Abel, 2011) [54]. 

 

The formation of adhesive bonds of silanes on low-carbon steel substrate was thoroughly studied by L. 

Yang et al. (2010) [42].  Considering the kinetics and thermodynamics of the reaction, the formation of 

covalent metallo-siloxane bonds (Me-O-Si) was preferred, as compared to the Si-O-Si bonds. Once 

one of the silanol groups is bonded with the steel, the other two hydrogen atoms in the remaining 

silanols will be activated and undergo condensation with neighbouring silanols, forming into 

polysiloxanes attached firmly to the substrate, as shown in Figure 9. It is also important that the 

substrate has substantial amount of hydroxyl groups on the surface in order to obtain optimum 

adherence [42]. Nevertheless, the actual system is more complex. Some silane molecules may not 

successfully bond to the substrate and the remaining hydroxyl groups can form hydrogen bonding 

instead, as shown in Figure 10.  

 
Figure 9: Proposed model of film formation of a trimethoxysilane on low carbon steel surfaces with 

high density of hydroxyl groups: (a) the initial state and (b) the final state (the activated hydrogen 

atoms are marked in red circles) (Adopted from Yang et al, 2010) [42]. 

 

 
Figure 10: Schematic of silane films on a metal substrate: (a) the ideal monolayer of silanes and  

(b) the observed scenario of bonding. (The idealized formation of hydrogen bonding is marked with 

dash circles.) (Illustration from Yang et al, 2010) [42]. 

 

+ H2O 
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Apart from the use of silanes on regular steel, the study by B. Golaz et al (2011) [41] also claimed that 

the use of γ-APS aminosilane coupling primer gave excellent adhesion to galvanized steel, superior to 

other pretreatments including zinc phosphating, degreasing, corona discharge, acidic etching, and gas 

flaming.    

 

 

3.4 Polyurethanes 

 

3.4.1 Definition and synthesis of polyurethanes 

 

Polyurethanes, or also called ‘urethanes’, are polymers comprised of urethane (-NHCO-O-) groups 

usually derived from the reaction of isocyanates and alcohols [55] as shown in Scheme 2 (a). However, 

other side reactions can also take place e.g. the reactions with water, urea, and urethane groups, as 

shown in Scheme 2 (b), (c), and (d), respectively, in which the reactivity of reactions are also in the 

corresponding order [56]. The reaction of isocyanates with water gives urea linkages, which makes 

typical polyurethanes consist of both urethane and urea repeating units [55] [56].  

                  

 

          

          
Scheme 2: Reactions of isocyanates with (a) alcohol, (b) water, (c) urea, and (d) urethane groups 

 

Most urethanes are produced using isocyanates and a hydroxyl-functional polymeric coreactant e.g. 

hydroxyl-terminated polyester, hydroxyl-terminated polyether, and hydroxyl-substituted acrylic resins 
[57]. Alkyd resins with unreacted hydroxyl groups are sometimes used [58]. Polyurethanes can be room-

temperature cured or elevated-temperature cured, depending on the curing reactions [57].   

 

A major concern of polyurethanes is the toxicity of isocyanates. Low-molecular weight isocyanates 

are hazardous and cause sensitizing effects in human bodies [56][57]. Increasing the molecular weights of 

isocyanate species can tremendously reduce the risk and allow safe handling of the chemicals. For this 

reason, commercial isocyanate raw materials usually come in polymeric derivatives [57]. Polyurethane 

materials are now being used in a variety of applications including flexible foams, rigid foams, 

elastomers, adhesives, and coatings [55].   

 

(a) 

(b) 

(c) 

(d) 
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3.4.2 Chemical properties of polyurethanes 

 

Polyurethanes in general have better resistance to environmental etching than typical melamine-

formaldehyde coatings [59].  Nevertheless, the use of aliphatic or aromatic isocyanate reactants gives 

significant differences in which the aliphatic ones have greater resistance to hydrolysis, chemicals, and 

weathering [57].   

 

With the presence of urethane groups, hydrogen bonds can be formed between polyurethane chains, 

both as acyclic and cyclic hydrogen bonds (Figure 11), generating physical crosslinked network. 

These reversible hydrogen bonds can be separated under stress (approximately 20-25 kJ/mol of energy 

for acyclic hydrogen bonds) and re-form again when released [57]. This helps prevent polyurethanes 

from permanent degradation via covalent-bond breakage [57] [60]. 

 
Figure 11: acyclic and cyclic hydrogen bonds between urethane groups  

(Illustration from Wicks, et al, 2007) [57]. 

 

Commercial polyurethanes are usually designed to have both soft (flexible) and hard (rigid) segments 

in the main chains. Soft segments provide the extensibility while hard segments form physical 

crosslinks and generate crystallization, which maintain the stiffness. This combination allows 

polyurethanes to exhibit both high hardness and large elongation within the same material [56] [57].   

 

3.4.3 Polyurethane coatings 

 

Two categories of polyurethanes are well-known: one-component (1K) and two-component (2K) 

systems. Two-component systems, which account for most urethane products in the market [61], are 

cured by chemical reactions between the two mixing packages. One of the packages is polyisocyanate 

in dehydrated solvents and the other package is a mixture of the co-reactant (e.g. polyol), solvents, 

catalyst, additives, and pigments [61]. In some cases, the system can also be in three packages in which 

the catalyst is kept separately [62]. These packages will be mixed by the users before the application.  

 

One-component systems consist of only one package of coating and can be cured by oxygen, heat, or 

moisture [63]. The air-curing polyurethanes require segments of drying oils to react with oxygen for 

curing while the heat-curing polyurethanes rely on the removal of blocking agents to release free 

isocyanates for typical isocyanate-polyol reactions [63].   

 

The moisture-curing systems are based on the reaction of isocyanate end groups of polyurethanes and 

moisture in the environment, which will result in the formation of urea cross-links as presented earlier 

in Equation 4 [63][64]. A variety of polyols are used in the structures e.g. polyester [65], polyether [66], and 

polycarbonate polyols [67]. The curing rate of these moisture-curing systems is dependent on relative 

humidity and temperature of the environment [64]. The coatings can be kept stable in sealed containers 

but undergo fast curing when exposed to atmospheric moisture [64]. Highly durable moisture-cured 

polyurethanes, which can be obtained by increasing the amount of urea linkages and/or by adding 
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primary or secondary amines, offer suitable properties to be used in high performance applications 

such as aircraft finishes [57].  

 

3.4.4 Alternative moisture-curable polyurethanes 

 

Several approaches have been made to prolong the pot-life, lower toxicity, and/or enhance the 

performance of moisture-curable polyurethanes including the use of blocked isocyanates and 

alkoxysilyl-terminated polyurethanes [57].  

 

3.4.4.1 Blocked isocyanates 

Blocked isocyanates are isocyanates that have been temporarily capped with ‘blocking agents’ in order 

to prevent their reactions at room temperature, but will be released for reactions at elevated 

temperature. This technique has tremendously reduced the sensitivity and the hazard of free 

isocyanates [68].  

 

3.4.4.2 Alkoxysilyl-terminated polyurethanes 

Alkoxysilyl-terminated polyurethanes, or also called ‘silylated’ or ‘silane-modified’ polyurethanes 

(Figure 12), are polyurethanes of which the end groups have been modified with alkoxysilanes, 

usually by reacting isocyanate-terminated polyurethanes with organo-functional silanes e.g. 

aminosilanes [64][69-71]. Trialkoxysilyl species are most common, with either ethoxy or methoxy groups 
[71][38]. Unlike the blocked isocyanates, these alkoxysilyl groups are meant to bond permanently with 

the polymer without releasing isocyanate groups in further reactions. Therefore, the resins are 

isocyanate-free, which make them highly safe for usage as well as widen the use of different additives 

in the coating systems [69]. Moreover, the absence of isocyanates also helps avoid the bubbling defects 

emerged from carbon dioxide byproduct in conventional polyurethanes [64].  

 

 
Figure 12: A general structure of alkoxysilyl-terminated polyurethanes. 

 

Moisture-curing reactions of these silane-modified polyurethanes can take place at room temperature 

via hydrolysis and condensation of silane groups as previously described in Scheme 1, Section 3.3.1. 

With this unique curing characteristic, the obtained covalent bonds in the crosslinked network are 

based on siloxanes instead of typical isocyanate-based linkages [69].  

 

In this thesis work, resins made of triethoxysilyl-terminated polyurethanes have been studied. The 

resins have the same pattern of structure as shown in Figure 13 (a) but contain different kinds of 

polyol segment in the main chain. To accelerate the curing, a catalyst must be added prior to the 

application. In this case, a diester of phosphoric acid (Figure 13 (b)) was used.   
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(a)   (b)  

 

Figure 13: Chemical structures of (a) triethoxysilyl-terminated polyurethanes  

(b) diester of phosphoric acid (the catalyst) used in this study. 
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4. Materials 
 

4.1 Substrates 

       Substrates used in the experiments are listed in Table 1.  

 

Table 1:  Types and sizes of the substrates 

 Substrate Name Substrate Type Size (w×l×t) 
(mm) 

S
te

el
 

Cold-rolled steel (CRS) Industrial cold-rolled steel 70×150×0.32 

Q steel Q-panel R-46, standard steel, dull matte 

finish [72] 

102×152×0.81 

Phosphated steel  

 

Q-panel R-46-ICF, iron phosphated steel, 

chrome-free seal, dull matte finish [72] 

102×152×0.81 

Galvanized steel Hot-dip galvanized steel (‘Coil steel’) 80×130×0.32 

Sandblasted steel  Industrial sandblasted cold-rolled steel 70×150×0.32 

A
lu

m
in

u
m

 ACE Al Industrial aluminum sheet, smooth, semi-

shiny finish 

120×190×2.0 

Q Al Q-panel A-36, standard aluminum, bare 

surface, smooth mill finish [72] 

76×152×0.64 

Coil Al Anodized coil aluminum 100×175×0.32 

Sandblasted Al Industrial sandblasted ACE aluminum 120×190×2.0 

 

 

4.2 Coatings 

       Major raw materials used in the coatings are specified in Table 2. 

 

Table 2: Specifications of the raw materials 

 Name Description 

Commercial 

paint product 

Yellow 

topcoat  

Fast-drying, high-solid 2K topcoat, matt, yellow, formulated 

on a moisture-curing, silane-functional polyester-based 

polyurethane  

(contains 35.0 wt% of resins, 6.0 wt% of 

tetraethylorthosilicate, and 1.2 wt% of catalyst,  

total solid content = approx. 68%) 

Resins PUSi-A Silane-modified poly(urethane-urea) with aliphatic branched 

polyester as polyol unit (solid resin 75 wt% in butyl acetate/n-

propanol 55:45) 

PUSi-B Silane-modified poly(urethane-urea) with linear carbonate diol 

as polyol unit (solid resin 80 wt% in butyl acetate/n-propanol 

43:57) 

Catalyst Agent-C Phosphoric acid derivate 

(active substance ~50 wt% in butyl acetate) 

Crosslinking 

agent 

Agent-D Tetraethylorthosilicate 

Adhesion 

promoters 

Add-S (3-Glycidyloxypropyl)trimethoxysilane 

(Molecular weight = 236.1 g/mol) 

Add-CS Epoxy-functional methoxysilane oligomer 

(Epoxy content = 4.75 mmol/g) 

Add-K Hydroxy-functional copolymer with acidic groups 

(Acid value = 30 mg KOH/g) 
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5. Experimental 
 

5.1 Sample Preparation 

 

Two categories of coatings were prepared: the commercial paint product (‘yellow topcoat’) and the 

clearcoats. The yellow topcoat was preliminarily used as a reference for the study of substrates and 

additives. The major work of this project focused on the series of clearcoats prepared in the laboratory, 

which were used for the study of every parameter.  

 

5.1.1 Yellow Topcoat Preparation 

 

Four different formulations of the yellow topcoat were prepared by mixing the yellow topcoat with the 

corresponding type of additive and catalyst (Agent-C), as shown in Table 3, using a standard 

mechanical stirrer at 200-220 rpm speed for 3-5 minutes. The content of each additive was chosen 

based on the recommendation from the technical data sheet (TDS).     

 

Table 3: Formulations of yellow topcoat with additives (wt% following the additive names) 

Component 
Formulation 

Control Add-S 1.5% Add-CS 2.0% Add-K 2.0% 

Yellow topcoat (g) 30.0 30.0 30.0 30.0 

Additive (g) 

(Add-S, -CS, or –K) 

- 0.5 0.6 0.6 

Agent-C (g) 0.4 0.4 0.4 0.4 

 

5.1.2 Clearcoat Preparation 

 

Three major formulations (#001, #002, and #003) of clearcoats were primarily prepared based on 

different weight ratios of the resins PUSi-A:PUSi-B being 50:50, 70:30, and 30:70, respectively, as 

shown in Table 4. The formulation #003 was also prepared into two additional formulations with 70 

and 40% solid contents. The mixing was done using a standard mechanical stirrer at 200-500 rpm 

speed for 15-20 minutes until a homogeneous mixture was obtained. 

   

Table 4:  Clearcoat formulations of #001, #002, and #003 

 Formulation 

Component #001 

(50:50) 

#002 

(70:30) 

#003 

(30:70) 
#003 S70 #003 S40 

PUSi-A (wt%) 35.5 49.7 21.3 25.1 14.6 

PUSi-B (wt%) 35.5 21.3 49.7 58.9 34.0 

Solvents* (wt%) 23.1 23.1 23.1 10.1 47.4 

Rheological modifier (wt%) 5.0 5.0 5.0 5.0 3.4 

Surface additives (wt%) 0.9 0.9 0.9 0.9 0.6 

Total 100.0 100.0 100.0 100.0 100.0 

Solid content (wt%)** 58.1 57.4 58.8 69.0 40.2 

*commercial organic solvents  

**calculated from all compositions of the mixing components 

 

For the ease of explanation, the solid contents of #001, #002, and #003, as specified in Table 4, will all 

be referred to as “60%” solid content from this point onwards.  

 

Next, in order to investigate the effects of different parameters in the coatings, the formulated 

clearcoats #001-003 were adjusted with varied amounts of crosslinking agent (Agent-D) and adhesion 

promoters, and were applied with the specified thicknesses on the selected substrates as described in 

Table 5. The mixing procedure was started by stirring 20-30 g of the major formulation #001, or #002, 

or #003, using a mechanical stirrer at 200-220 rpm, followed by the addition of Agent-D (if any), an 
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additive (if any), and Agent-C, respectively. Note that for the study of every parameter, the “control” 

sample CC361 on Q panel, 175 μm, was used as a reference.     

 

 

Table 5: Clearcoat formulations for the investigation of different parameters of interest (%C, %D, and 

%Add. are weight percentages per 100 g of the major formulation #001, #002, or #003)   

Parameter of 

Interest 
Formulation 

Component 

Substrate 
Thickness 

(μm) 
Major 

formulation 
%C* %D

** 
%Add. 

*** 

(control) CC361 #003 1.2 - - Q steel 175 

Substrate CC361 #003 1.2 - - 
All kinds of 

steel & 

aluminum 
175 

Thickness CC361 #003 1.2 - - 
CRS, 

Q steel 
90, 175 

Solid content 
CC371 

CC341 

#003 S70 

#003 S40 
1.2 - - 

CRS,  

Q steel 
175 

Resin ratio 
CC261 

CC161 

#002 

#001 
1.2 - - Q steel 175 

Crosslinking 

density 

CC361-D3   3 -   

CC361-D6   6 -   

CC361-D9 #003 1.2 9 - Q steel 175 

CC361-D12   12 -   

CC361-D18   18 -   

Additive 

CC361-AddS1.5 

#003 1.2 

- S 1.5% 

Q steel 175 
CC361-AddS - S 3.0% 

CC361-AddCS - CS 4.0% 

CC361-AddK - K 4.0% 

Curing 

condition 

CC361-D0, 6, 

12, 18 
#003 1.2 - - Q steel 175 

* %C   = wt% of catalyst (Agent-C) in the formulation  

** %D = wt% of crosslinking agent (Agent-D) in the formulation 

*** %Add. = wt% of additives, which refer to the adhesion promoters AddS, AddCS, or AddK 

 

 

5.1.3 Substrate Preparation 

 

To ensure clean surfaces of the substrates before application, the CRS, Q-panel steel, galvanized steel, 

ACE aluminum, Q-panel aluminum, and Coil aluminum panels were wiped with isopropanol to 

remove oil and grease. The sandblasted and phosphated substrates were blown with air to remove dust.   

 

 

5.1.4 Application 

 

Within 1-5 minutes after the catalyst was added, the prepared coating was applied on the pretreated 

substrates.  A dumbbell-shape applicator was used for 90 μm wet thickness whereas a rod applicator 

was used for 175 μm. The coated samples were let dry in the fume hood at room temperature for 24 

hours before characterization. Additionally, in the study of curing condition, panels of CC361 D0-D18 

formulations were also further cured at elevated temperature (60°C) in the oven for 18 hours, called as 

the ‘annealed’ samples.  
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5.2 Characterization 

 

Dry film samples were characterized for its thickness, hardness, adhesion, and humidity resistance. 

The CC361 control film and CC361-D12 were analyzed with DMA for their glass transition 

temperatures and mechanical properties. The resin samples PUSi-A and PUSi-B were analyzed with 

DSC, SEC, and FT-IR for their thermal properties, average molecular weights, and chemical 

structures, respectively. Finally, all substrates were investigated with a microscope and contact angle 

measurement for their surface morphology and surface energy, respectively.  

 

 

5.2.1 Thickness 

 

The thicknesses of all dry films were measured with Elcometer 456 Coating Thickness Gauge [73]. The 

average was taken from 3-6 positions of the film and the standard deviation was calculated.  

 

 

5.2.2 König Hardness 

 

The film’s König hardness was tested with BYK pendulum hardness tester according to the standard 

ASTM D4366-16 [74] under controlled temperature of 23 ± 2°C and relative humidity of 50 ± 5 %.  

 

The instrument was comprised of a pendulum with two metallic balls connected by a cross-bar as 

shown in Figure 14. The balls were 5 mm in diameter and the total weight to be subjected on the 

sample was 200 ± 0.2 g. The König hardness value was taken as the time (s) for the pendulum to 

oscillate and decrease its amplitude from 6° to 3°. Each film was tested at 3 different positions and the 

average was reported. 

 
Figure 14: BYK pendulum hardness tester (Illustration from BYK, 2019) [75]. 

 

 

5.2.3 Cross Hatch Adhesion Test 

 

Cross hatch adhesion test was done using Elcometer 1542 Cross Hatch Adhesion Tester according to 

the standard ASTM D3359-17 [76]. Six-cut cutter wheels, 1 mm and 2 mm in sizes, were used for films 

with thickness 0-50 and 50-125 μm, respectively. The Tesa 4657 and 4662 tapes were used as the 

adhesive tapes. The test was performed by cutting the film in two perpendicular directions for at least 

20 mm length each, followed by brushing the film to remove dust and flakes. The tape was then be 

attached firmly on the cut area before being quickly pulled off at close to 180° within 90 ± 30 s. These 

testing steps were illustrated in Figure 15 and the adhesion results were evaluated according to the 

criteria in Table 6. 
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Figure 15: Cross hatch adhesion test procedure (Adopted from Elcometer, 2015) [77]. 

 

 

Table 6: Classification of adhesion test results (Elcometer, 2015) [77] 

Example Appearance 

Description 
ASTM 

Classification 
Minimum 

removal 

Maximum 

removal 

 

The edges of the cuts are completely smooth; none 

of the squares of the lattice is detached. 
5B 

  

Detachment of flakes of the coating at the 

intersections of the cuts. A cross cut area not 

greater than 5% is affected. 

4B 

  

The coating has flakes along the edges and/or at the 

intersections of the cuts. A cross cut area greater 

than 5%, but not greater than 15% is affected. 

3B 

  

The coating has flakes along the edges of the cuts 

partly or wholly in large ribbons, and/or it has 

flaked partly or wholly on different parts of the 

squares. A cross cut area greater than 15%, but not 

greater than 35% is affected. 

2B 

  

The coating has flaked along the edges of the cuts 

in large ribbons and/or some squares have detached 

partly or wholly. A cross cut area greater than 35%, 

but not greater than 65%, is affected. 

1B 

  

Any degree of flaking that cannot be classified even 

by classification 1B.  
0B 

 

 

5.2.4 Bending Test 

 

Bending test of cured samples was performed on a TQC Sheen™ conical mandrel bending tester over 

a range of diameter between 3.1 – 30 mm.  

 

 

5.2.5 Humidity Resistance 

 

Coatings that have been cured for 24 and 48 hours at room temperature and the annealed samples were 

kept in a humidity chamber at 100% relative humidity, 40°C, for 336 hours, according to the ASTM 

D2247-02 standard [78]. After taken out of the chamber, the samples were gently wiped with paper to 
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remove excess water and let dry at room temperature for 20 hours before being tested for their 

thickness, hardness, and adhesion properties. The corrosion phenomena were also observed.     

 

 

5.2.6 Differential Scanning Calorimetry (DSC) 

 

Thermal properties of the resins PUSi-A and PUSi-B were analyzed with a differential scanning 

calorimeter Mettler Toledo DSC820 at a heating/cooling rate of 10°C/min under nitrogen atmosphere 

(50 mL/min). Each sample was prepared as 10.0 ± 0.5 mg specimen in a 100 μL crucible and an empty 

crucible was used as a blank sample.  The first heating, cooling, and second heating scans were run at 

room temperature to 60°C, 60 to -20°C, and -20 to 100°C, respectively. The glass transition 

temperature (Tg) of the sample was taken as the inflection point of the thermogram, which was 

determined from the second heating scan after subtraction from the blank sample.     

 

 

5.2.7 Size-Exclusion Chromatography (SEC) 

 

Average molecular weight and polydispersity index of the resins were determined with size-exclusion 

chromatography technique using a TOSOH EcoSEC HLC-8320 GPC system, DMF 0.01M LiCl 

eluent, 50°C. The sample was dissolved into a 2.5 mg/ml solution in DMF prior to the analysis.   

 

 

5.2.8 Fourier Transform Infrared Spectroscopy (FT-IR) 

 

Chemical structures of the resins were analyzed with a Thermo Scientific™ Nicolet™ iS10 FTIR 

spectrometer equipped with an attenuated total reflectance (ATR) accessory. The collection was done 

using 16 scans with a resolution of 4 cm-1. 

 

 

5.2.9 Dynamic Mechanical Analysis (DMA) 

 

Thermo-mechanical properties of free-standing film samples were analyzed with a TA Instrument 

DMA Q800 in tensile mode under the temperature range from -20 to 170°C with 10-minute soak, 

3°C/min ramping rate, 9.0 µm of amplitude, 125.0% force track, and a 0.01 N preload force. Only one 

specimen per sample was measured in this study.     

 

 

5.2.10 Microscope 

 

Surface morphology of substrates was studied with a TQC Sheen™ portable USB microscope LD6184 

with 200x magnification.  

 

 

5.2.11 Contact Angle Measurement (CAM) 

 

Contact angle measurement was carried out with a contact angle meter CAM 200 (KSV Instruments 

LTD) (Figure 16) by the sessile drop method according to the ASTM D7490-13 standard [79] in order 

to obtain the surface energies of the samples.   

 

The substrates, after being wiped with isopropanol, were tested at room temperature using water and 

diiodomethane, each on 3 different positions of the surface. The drop volume of water and 

diiodomethane was 2 μL. The pictures were taken at 20 s in which the angles at both edges of the drop 

were analyzed and thus the average of 6 values was reported. The same analysis was applied for cured 

film samples of both the commercial paint product and the clearcoat. 
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Figure 16: Contact angle goniometer. 

 

The surface energies of the substrates and the coating samples were calculated according to the ASTM 

D7490-13 standard as shown in Equation 1-4 [79]: 

 

  
𝛾𝑙(1+cos 𝜃)

2
= [ (𝛾𝑙

𝑑𝛾𝑠
𝑑)

1

2  + (𝛾𝑙
𝑝

𝛾𝑠
𝑝

)
1

2 ]  (1) 

 

   𝛾𝑠 =  𝛾𝑠
𝑑 + 𝛾𝑠

𝑝
   (2) 

 

where    θ      =   the average contact angle for the test liquid on the sample, 

 γl      =   the surface tension of the test liquid in dyne/cm 

  (distilled water = 72.8, diiodomethane = 50.8) 

 γs      =   the surface tension of the solid sample in dyne/cm 

 γd and γp  =   the dispersion (d) and polar (p) components of the liquid and the solid in  

dyne/cm (distilled water γd = 21.8, γp = 51.0; diiodomethane γd = 49.5, γp = 1.3) 

 

From these known values, Equation 1 can be simplified into Equations 3 and 4 as followed: 

  36.4 (1 + cos 𝜃𝑤) = [ (4.67𝛾𝑠
𝑑)

1

2  + (7.14𝛾𝑠
𝑝

)
1

2 ] (3) 

  25.4 (1 + cos 𝜃𝑖) = [ (7.03𝛾𝑠
𝑑)

1

2  + (1.14𝛾𝑠
𝑝

)
1

2 ]  (4) 

 

where θw      =   the average contact angle of a water droplet on the sample 

 θi      =   the average contact angle of a diiodomethane droplet on the sample 

 

The θ values were obtained from the measurement and Equations 3-4 were then solved for γd and γp. 

The total solid surface tension (γs) was the sum of γd and γp according to Equation 2. 
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6. Results and Discussion 
 

6.1 Substrates 

 

The adhesion of yellow topcoat and clearcoat CC361-D12 on different types of steel and aluminum 

substrates was evaluated as shown in Table 7 and 8. The clearcoat CC361-D12 was selected in this 

case as it represented the most similar formulation to the yellow topcoat. Adhesion was measured 

according to ASTM D3359-17 standard in which the scale 0B – 5B represents the quality of adhesion 

from the poorest to the greatest, respectively.   

 

 

Table 7: Adhesion of yellow topcoat and clearcoat CC361-D12 on steel substrates (pictures taken with 

a camera) 

Coating 
STEEL SUBSTRATES 

CRS Q steel Galvanized Sandblasted Phosphated 

 

 

Yellow topcoat 

 

 

 

CC361-D12 

 

 
0B 

 
0B 

 
5B 

 
5B 

 
0B 

 
0B 

 
5B 

 
5B 

 
5B 

 
5B 

Dry thickness  25 – 30 μm 

 

 

Table 8: Adhesion of yellow topcoat and clearcoat CC361-D12 on aluminum substrates (pictures 

taken with a camera) 

Coating 
ALUMINUM SUBSTRATES 

Q Al ACE Al Coil Al Sandblasted Al 

 

 

Yellow topcoat 

 

 

 

CC361-D12 

 

 
0B 

 
0B 

 
0B 

 
0B 

 
5B 

 
1B 

 
5B 

 
5B 

Dry thickness 25 – 30 μm 

 

 

To investigate the possible cause of adhesion failure or success of each substrate, the contact angle 

measurement was performed on all substrates and the surface energy was calculated. The results are 

presented in Figure 17. Additionally, surface morphology of each substrate was also studied with an 

optical microscope and the images were presented in Appendix A. 
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Figure 17: Surface energies of substrates as calculated from contact angle measurements. 

 

 

This information of surface energies gave a significant correlation with adhesion properties: the CRS, 

ACE Al, and Q Al, in which surface energies were the three lowest values, exhibited poor (0B) 

adhesion with both the yellow topcoat and the clearcoat CC361-D12. Considering only the yellow 

topcoat, surface energies of these three substrates were lower than that of the yellow topcoat. This 

confirms the theory explained by Weldon (2009) [2] that substrates with surface energies lower than 

those of the coatings will result in poor wetting and consequently give poor adhesion. The clearcoat, 

however, did not follow the trend and the reason was unclarified yet. It was possible that the 

measurement of the coatings was done on the top surface of the dry films, which could represent 

different properties from the bottom of the films that was in contact with the substrate.      
 

In case of the galvanized steel, which is the only substrate sample with relatively high surface energy 

but had poor adhesion; it was likely because the presence on zinc on top of the surface of galvanized 

steel could poorly adhere to the coating. According to the literature [2], it can be difficult for paints to 

adhere to zinc because zinc surfaces sometimes contain thin layers of carbonates and oxides, which 

have unpredicted effects on adhesion [2]. Moreover, some pretreatments for the storage of galvanized 

steel can also hinder the adhesion with coatings [2]. 
 

The sandblasted steel, sandblasted aluminum, and the phosphated steel gave excellent adhesion due to 

their rough surfaces. The roughness of sandblasted surface was virtually visible while the phosphated 

surface was rough in a microscopic scale [25][26]. This roughness effect both enhanced the surface area 

for chemical interactions and provided mechanical interlocking, or also called anchoring, holding the 

coating and the substrate together [1][2]. The rough surfaces could also be seen under microscope, as 

shown in Appendix A. 

 

 

 

 

 

 

  



22 

 

6.2 Thickness  

 

Thickness is among the common issues affecting adhesion in a practical aspect. To study this 

parameter, films of CC361 control formulation was applied using different sizes of the applicators (90 

and 175 μm) and the adhesion quality was determined via cross hatch test. Film hardness was also 

evaluated with pendulum hardness test. The results were presented in Table 9. 

 

Table 9: Results of the films applied with wet thickness of 90 and 175 μm 

Wet thickness 90 μm 175 μm 

Dry thickness 20-30 μm 60-70 μm 

Adhesion 

(CRS)              (Q –panel) 

 
0B 

(CRS)             (Q –panel) 

 
0B 

Hardness 48 h (s) 56 ± 1 29 ± 1 

Notes regular detachment full free films detached from CRS 

 

The adhesion test showed that both films with the dry thicknesses of 20-30 and 60-70 μm had failed 

(0B) adhesion, but in different manners. The thin film (20-30 μm) only detached within and around the 

cut area while the thick film (60-70 μm) was able to be removed further than the cut area and a 

continuous free-standing film could be obtained. Additionally, it was also observed that the film 

hardness decreased to almost half when the thickness was increased from 20-30 to 60-70 μm. (This 

hardness effect was also found in other thicknesses not presented in this report e.g. the films applied 

with 90 or 175 μm applicator but eventually had varied dry thicknesses.)   

 

The difference in hardness was an effect from the rigid substrate which could influence the hardness 

measurement of thin films, especially films with thicknesses below 25 μm, according to ASTM D4366 

standard [74]. The thinner the film, the closer the pendulum to the substrate, and thus the higher 

hardness values it gave since it represented the properties of the substrate-coating composite [80].   

 

Another possible reason for the softness of thick films was the greater amount of solvents retained in 

the thicker coatings. In general, as the solvent evaporation rate drops at the later stages of film 

formation, a small amount of solvents can eventually be trapped in the coating for months or years 
[2][72].  

 

Several other effects can also take place in thicker films including the increase in internal stress, the 

porous structure, and the cohesive failure [2][70]. Thicker coatings have higher internal stress build up 

than thinner ones [2]. Internal stress is caused by the inability of the coating to shrink [2], which stems 

from the limited mobility of polymer chains as the drying proceeds, especially when the glass 

transition temperature (Tg) of the film has increased above the film forming temperature, and thus the 

film has turned into its glassy state. This effect is known as 'vitrification' [2][70][72].  

 

Different forms of failures can occur as consequences of internal stress: if the adhesion to the substrate 

is poor, the stress will cause delamination. Instead, if the adhesion is strong, the attachment will be 

maintained but the coating will either crack or be able to fail more easily when subjected to external 

stresses [2][72]. For this reason, think films can result in more severe failure in the adhesion test. 

 

Several studies have also discussed the effects of film thickness on mechanical properties and 

adhesion using different techniques and explained that film properties rely on both the cohesive 

strength and the interfacial interaction (or ‘adhesive bonding’) with the substrates [73-75], as illustrated 
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in Figure 18. However, since the adhesive and cohesive strengths of the coatings in this study were not 

quantified, the difference in these strengths, which could explain the failure behavior, could not be 

concluded.   

 

 
Figure 18: Schematic of a coating with different thicknesses. 

 

Nevertheless, the obtained adhesion failure of both thicknesses was likely to indicate the insufficient 

interfacial bonding of the coating with the substrate, regardless of the thickness. Therefore, in order to 

achieve better results, the coating formulation itself should be further optimized in the following 

experiments. 

 

It is noted that in the following results of other parameters, a dry thickness of 60-70 μm was used 

throughout the experiments due to the minimum requirement of coating thickness for the hardness 

pendulum test of above 25 μm.  

 

 

 

6.3 Solid content 

 

At the beginning of the clearcoat preparation, the solid content was controlled at 60%. To observe 

whether this parameter had any effect on adhesion, coatings with three different solid contents (40, 60, 

and 70%) have been prepared and the corresponding film properties were determined as presented in 

Table 10.  

 

 

 Table 10: Results of the films with solid contents of 40, 60, and 70% 

Solid content 40% 60% 70% 

Adhesion 

(CRS) 

 
0B 

(CRS)        (Q –steel) 

 
0B 

(CRS)         (Q –steel) 

 
         0B          2B  

Hardness 48 h (s) N/A 29 ± 1 18 ± 1 

Dry thickness 

(μm) 
N/A 60 ± 2 70 ± 2 

Notes Uneven film - Films contained bubbles 

 

 

The highest solid content (70%) seemed to give slightly improved adhesion on Q-panel. However, this 

high-solid coating liquid was highly viscous, causing difficulties in the application process and giving 

films with bubbles.     

 

The low solid content (40%) gave poor adhesion as those of the 60%. The hardness and thickness of 

the film with 40% solid was not reported due to the fluctuated results. This stemmed from the uneven 

thickness of the film, which was attributed to the low viscosity of the coating liquid. 
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As the adjustment of solid contents conversely affected the application procedure, the studies of other 

parameters were continued with a constant solid content of 60%.    

 

 

 

6.4 Resin ratio 

 

The two kinds of resins (PUSi-A and PUSi-B) accounted for the majority of the coating components 

(up to 55.7% dry weight, calculations explained in Appendix B). PUSi-A contains an aliphatic 

branched polyester as the polyol segment in the poly(urethane/urea) while PUSi-B contains a linear 

carbonate diol. The predicted structures of both resins are presented in Figure 19. Inevitably, the resin 

properties play an important role in the film properties. In order to observe the effect of varied 

contents of each resin, coating formulations with different ‘resin ratios’ were prepared and the results 

were shown in Table 11.   

 

   
(a) PUSi-A   (b) PUSi-B 

 

Figure 19: Predicted chemical structures of (a) PUSi-A and (b) PUSi-B resins. 

 

Table 11: Results of the films with %PUSi-B of 30, 50, and 70%  

Formulation #002 #001 #003 

%PUSi-B 

of total resin (wt%) 
30% 50% 70% 

Adhesion 

 
0B 

 
0B 

 
0B 

Humidity test 

14 days 

 
0B 

 
0B 

 
0B 

Bending 

 
Failed 

 
Failed 

 
Passed 

Hardness 48 h (s) 44 ± 1 36 ± 1 29 ± 1 

Dry thickness (μm) 62 ± 2 63 ± 1 60 ± 2 

 

 

All three resin ratios resulted in failed (0B) adhesion and humidity test results. However, the bending 

results were different: films containing 30% and 50% of PUSi-B were detached at the bended area 

while the film containing 70% PUSi-B remained adhering. This indicated superior properties of the 

#003 formulation. Another effect correlated with resin ratios was the decrease in film hardness (from 
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44.0 to 36.1 and 28.9 s) with the increase in PUSi-B content (from 30% to 50% and 70%, 

respectively). From this observation, the softer film tended to result in better adhesion. 

 

To acquire more information of these commercial resins’ characteristics, both of the resins were 

analyzed for their thermal properties, molecular weights, and chemical structures with DSC, SEC, and 

FT-IR, respectively. A summary of the results is shown in Table 12. The thermograms, molecular 

weight distribution chromatograms, and FT-IR spectra are shown in Appendix C-E.  

 

 

Table 12: Summary of Tg, Mn, Mw, and polydispersity of PUSi-A and PUSi-B 

 PUSi-A PUSi-B 

Tg (°C) (approximated) 8 0 

Number-average molecular weight (Mn) (g/mol) 1720 2000 

weight-average molecular weight (Mw) (g/mol) 3980 5720 

Polydispersity index (D) 2.3 2.9 

 

It was observed that PUSi-B resin had lower Tg than PUSi-A. This explained why the film hardness 

decreased with the increase in PUSi-B content from 30% to 50% and 70% in the formulation #002, 

#001, and #003, respectively. In terms of molecular weight, PUSi-B had higher Mn, Mw, and 

polydispersity index than PUSi-A. However, since the exact structures of both resins could not be 

specified in this study, the influence of molecular weight on Tg could not be concluded.  

 

Additionally, it was possible that the average molecular weights obtained might not represent the 

actual sizes of the original polymer molecules. Since the PUSi resins contained silane end groups that 

could react with each other when subjected to moisture, these molecules could form larger polymer 

chains during storage and therefore the molecular weights detected could be a double or multiples of 

the original ones. This effect can be seen in the molecular weight distribution chromatograms (Figure 

D1-D2 in Appendix D) in which several peaks appear.    

 

 

 

6.5 Crosslinking Effect 

 

To better understand the effect of film hardness on adhesion, variations of film hardness via 

crosslinking density were studied. Since the soft film #003 gave relatively good adhesion (Section 

6.4), this #003 formulation (CC361 control) was adjusted into different crosslinking densities by 

means of adding the crosslinking agent-D whereafter the adhesion was assessed, as shown in Table 13. 

(The results were averaged from 3 replicates.)  The hardness evolution of all films in this experiment 

was also studied throughout the period of 14 days as showed in Figure 20.  
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Table 13: Results of the films CC361 with crosslinking agent-D content of 0, 3, 6, 9, 12, and 18 wt% 

(D0, D3, D6, D9, D12, and D18, respectively) 

Formulation D0* D3 D6 D9 D12 D18 

Crosslinking 

agent-D content 

(wt%) 
0% 3% 6% 9% 12% 18% 

Adhesion 

(Q-steel) 
 

0B 5B 5B 5B 5B 5B 

Humidity test 

14 days  
0B, 100% 

corrosion 

 
0B, 20% 

corrosion 

 
0B, 5% 

corrosion 

 
0B, 5% 

corrosion 

 
0B, 5% 

corrosion 

 
0B, 5% 

corrosion 

Bending  
passed 

 
passed 

 
passed 

 
passed 

 
passed 

 
passed 

Hardness  

48 h (s) 
26 ± 1 27 ± 1 29 ± 1 29 ± 1 32 ± 1 36 ± 1 

Hardness 

14 days (s) 
49 ± 1 50 ± 1 58 ± 1 60 ± 2 65 ± 1 71 ± 0 

Dry thickness 

(μm) 
63 ± 2 62 ± 2 60 ± 1 60 ± 2 61 ± 3 59 ± 2 

*‘D0’ refers to the CC361 control formulation of the clearcoat 

 

 
Figure 20: Hardness evolution of films CC361-D0, D3, D6, D9, D12, and D18 in 14 days. 

(The trendlines are drawn based on the best-fit logarithmic lines of the data.) 

 

It was clearly seen in the adhesion test that the sample D0 failed while all the other samples that 

contained crosslinking agent (D3-D18) passed with perfect adhesion. Although every sample 

delaminated after humidity test, samples D3-D18 could significantly prevent corrosion underneath the 

films while sample D0 was severely corroded.  

 

In terms of hardness, film hardness increased with the increased amount of crosslinking agent-D. 

However, the increased in hardness did not worsen the adhesion in this case, which contradicted to the 

conclusion from the resin ratio experiment. This is possibly due to the characteristic of this 

crosslinking agent as followed:  
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Because of its chemical structure, this crosslinking agent has two functions: first is to crosslink the 

polymer network and second is to enhance interaction with the substrate. The four ethoxy silane 

groups of this Agent-D (tetraethylorthosilicate) can be hydrolyzed and reacted with both the silanes 

groups in PUSi resins and the hydroxyl groups on metal substrates, as illustrated in Figure 21. 

Therefore, the coatings did not only become harder but also contained higher amount of adhesive 

bonding with the substrate. As a result, the film adherence remained intact.   

 

For more information regarding thermo-mechanical properties of the cross-linked films, the films D0 

and D12 were also analyzed with dynamic mechanical analysis (DMA). The thermograms were shown 

in Figure 22. (Original thermograms of the samples are presented in Figure F1-F2 in Appendix F.) 

  

 
 

Figure 21: Two functions of the crosslinking agent-D in the coatings.  

(Adopted from Yang et al, 2010) [42]. 

   

 
Figure 22: Storage modulus and tan 𝛿 curves obtained from DMA analysis of the films D0 and D12. 

 

As determined from the peaks of tan 𝛿 curves, glass transition temperatures (Tg) of the samples D0 and 

D12 were approx. 91 and 89°C, respectively. A major difference between these two curves was the 

lower and broader tan 𝛿 peak of D12 as compared to D0. The lower in height of tan 𝛿(max) indicated 

the lower mobility of molecules [81][82] and the greater elastic behavior of the material [83]. This lower 

height and the broader width of the peak also indicated that the polymer chains became more 

heterogeneous, i.e. the polymers had larger molecular weight distribution due to heterogeneous 

crosslinked network [84]. These effects proved that the sample D12 had greater extent of crosslinking 

than the sample D0.     
 

In comparison to the Tg of liquid resins PUSi-A and PUSi-B being approx. 8 and 0°C (Table 12), 

respectively, the high Tg of the cured films confirmed the successful formation of cross-linked network 

of the coatings. Interestingly, the film D0 that did not contain the crosslinking agent possessed a very 

similar Tg as the film D12. This indicated the potential of these PUSi resins to build up a substantial 

extent of cross-linked network by means of the existing functional groups in the resins, namely silane 

end groups for condensation and urethane/urea groups for hydrogen bonding,  
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In case of storage modulus, storage modulus in the rubbery plateau region is directly proportional to 

the crosslinking density [85]. The sample D12, which was likely to have higher crosslinking density, 

showed slightly higher storage modulus than the sample D0 at the end of the curves. (Full DMA 

thermograms are shown in Appendix F.) However, the plateau region should be studied more clearly 

for certain values.   

 

Note that this DMA analysis was performed using only one specimen per sample. More replicates of 

each sample should be tested to confirm the results.   

 

 

 

6.6 Additives 

 

Adhesion promoters are claimed to improve adhesion of coatings on substrates. To study this 

parameter, the first experiment was done with yellow topcoat on CRS substrate, using the 

recommended dosage level of the additives Add-S, Add-CS, and Add-K, as presented in Table 14. 

Chemical structures of Add-S and Add-CS are presented in Figure 23 (a) and (b), respectively. (The 

exact structure of Add-K is not provided.) 

 

  
(a)          (b) 

 

Figure 23: Chemical structures of (a) (3-Glycidyloxypropyl)trimethoxysilane (Add-S)  

(b) Epoxy-functional methoxysilane oligomer (Add-CS).  

 

 

Secondly, the clearcoat CC361 was studied, beginning by adding Add-S with different concentrations 

(1.5 and 3 wt%) and applied on Q steel as shown in Table 15. Finally, since the double amount of 

Add-S gave a promising outcome, Add-CS and Add-K were used in their double amounts and the 

effects were evaluated as shown in Table 16. (The results were averaged from 3 replicates.)    

 

 

Table 14: Effects of adhesion promoters in yellow topcoat on CRS substrate (wt% following the 

additive names) 

Additive (Control) Add-S 1.5% Add-CS 2.0% Add-K 2.0% 

Adhesion 

 
0B 

 
0B* 

 
0B 

 
3B 

Dry thickness (μm) 20 – 30  

*Slightly better adhesion than other films with 0B  
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Table 15: Effects of Add-S 1.5 and 3% on Q steel substrate (wt% following the additive names) 

Additive (Control) Add-S 1.5% Add-S 3% 

Adhesion 

 
0B 

 
0B 

 
4-5B 

Hardness 48 h (s) 29 ± 1 29 ± 0 26 ± 1 

Dry thickness (μm) 60 ± 2 64 ± 1 65 ± 2 

 

 

Table 16: Effects of adhesion promoters in CC361 clearcoat on Q steel substrate (wt% following the 

additive names) 

Additive (Control) Add-S 3% Add-CS 4% Add-K 4% 

Adhesion 

 
0B 

 
4-5B 

 
3-4B 

 
0B 

Hardness 48 h (s) 29 ± 1 26 ± 1 27 ± 1 20 ± 1 

Dry thickness (μm) 60 ± 2 65 ± 2 66 ± 2 68 ± 1 

Note - - - bubbles appeared 

 

 

In the clearcoat, it was found that both of the silane adhesion promoters (Add-S and Add-CS) could 

improve adhesion of the films while Add-K had no effect. This proved the potential of silane 

compounds in promoting adhesion.     

 

On the contrary, in the yellow topcoat, Add-K showed a great improvement in adhesion while silane 

additives did not. Although there was a slightly better adherence of the film with Add-S, the adhesion 

quality was scaled 0B since most part of the film was damaged.  

 

The reasons for this contradiction and the function of Add-K have to be further examined. Some 

possible explanations for the failure of Add-S and Add-CS in yellow topcoat could be that the amounts 

of them in yellow topcoat were not at their optimum levels. At the beginning, the dosage levels of 

additives were selected based on the recommendations in the technical datasheets (TDS), which were 

0.5-1.5% for Add-S, 2% for Add-CS, and 1-5% for Add-K. However, these amounts should be 

optimized for each particular system. Also, the CRS substrate was a poor substrate with low surface 

energy, which could be a major obstacle for the additive effects to overcome.      

 

For these reasons, it could not be concluded yet that the additives giving failed results in this 

experiment were ineffective. Further studies have to be done in order to confirm the failed results; 

merely the improvements found in this study were considered valid.   

 

 

 

6.7 Curing condition 

 

Apart from the substrate types and the coating components, it has been an issue how the curing 

condition (e.g. time and temperature) would affect the film properties, especially for this room-

temperature moisture-curing system. Since the adhesion test had not given significant distinction 

between different days of curing in other experiments done earlier, some of the film samples were 

examined for more information via humidity test in 3 conditions: 
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(a) The film was let dry at room temperature (RT) for 24 hours before being kept in the 

humidity chamber for 14 days 

(b) The film was let dry at room temperature for 48 hours before being kept in the humidity 

chamber for 14 days 

(c) The film was let dry at room temperature for 24 hours, then ‘annealed’ in an oven at 60ºC 

for 18 hours before being kept in the humidity chamber for 14 days 

 

The results after humidity test were presented in Table 17. (All percentage of corrosion was evaluated 

virtually by the observer, considering that samples (a) had 100% corrosion.) Also, the film hardness 

was measured prior to the humidity test as shown in Table 18 while the thicknesses of all films were 

within the range of 60-70 μm.    

    

 

Table 17: Effect of curing conditions on adhesion and corrosion of samples D0, D6, D12, and D18  

Formulation (a) RT 24-hour  (b) RT 48-hour  

(c) “Annealed” 

RT 24-hour 

+ 60ºC 18-hour  

D0 
 

0B  

100% corrosion 

 
0B  

100% corrosion 

 
0B  

100% corrosion 

D6 

 
0B  

100% corrosion  

 
0B 

5% corrosion 

 
0B 

1% corrosion 

D12 

 
0B 

100% corrosion 

 
0B 

5% corrosion 

 
0B 

1% corrosion 

D18 

 
0B 

100% corrosion 

 
0B 

5% corrosion 

 
0B 

1% corrosion 
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Table 18: Film hardness of samples D0, D6, D12, and D18 prior to humidity test (all film thicknesses 

were 60-70 μm) 

Formulation (a) RT 24-hour  (b) RT 48-hour  

(c) “Annealed” 

RT 24-hour 

+ 60ºC 18-hour  

D0 23 ± 1 26 ± 1 62 ± 1 

D6 25 ± 1 29 ± 1 66 ± 1 

D12 27 ± 1 32 ± 1 68 ± 1 

D18 29 ± 1 36 ± 1 72 ± 1 

 

 

Except for the sample D0 that showed the same adhesion and corrosion results for all conditions, it 

was obvious for the samples D6, D12, and D18 that the curing condition played an important role in 

the durability of the samples after humidity test. Although all of the films could not maintain their 

adherence to the substrate, the extent of corrosion underneath the films showed significant differences: 

panels from condition (a) exhibited the most critical corrosion in which corroded spots appeared all 

over the area, whereas panels from condition (b) and (c) were better protected. By optical estimation, 

samples (b) contained around 5% of corroded spots while samples (c) contained merely around 1% 

compared to the samples (a).  

 

Even though the annealed films did not provide sufficient adhesion, their corrosion resistance 

remained almost unaffected as compared with the non-annealed samples. It is likely that the annealing 

allowed for the evaporation of solvents, the increase in crosslinking density, and the relaxation of 

polymer chains, which all contributed to the enhanced corrosion resistance.  

 

In terms of hardness, it was clearly seen that the annealed samples had extensively increased hardness 

compared to the RT 48-hour samples that have been dried for the same total period of time. The values 

were more than double in case of the samples D0, D6, and D12, even though the thickness did not 

largely decrease. This can also be interpreted as the result of highly crosslinked network of the 

annealed films.  

 

The overall results in this section indicated that this coating system required at least 48 hours to obtain 

adequate curing under room temperature. Then, further annealing process could also optimize the 

properties of the films. 
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7. Conclusions        

 

The adhesion of silane-modified poly(urethane urea) (PUSi) coatings on metal substrates was studied 

by varying 7 different parameters including the substrates, film thicknesses, solid contents, resin 

ratios, crosslinking densities, additives, and curing conditions. As a result, it was found that both the 

substrates and the coating characteristics were crucial factors contributing to good adhesion:  
 

1. Surface energy and surface roughness of the substrates have significant influence on the adhesion of 

coatings: three types of substrates (CRS, ACE Al, and Q Al) with surface energies lower than the 

yellow topcoat resulted in poor (0B) adhesion. Meanwhile, the roughened substrates (sandblasted 

steel, sandblasted aluminum, and phosphate steel) had excellent (5B) adhesion. 

 

2. The PUSi coating system used in this study required the presence of crosslinking agent 

(tetraethylorthosilicate) to perform excellent (5B) adhesion. The addition of silane adhesion promoters 

(Add-S and Add-CS) also helped to improve adhesion (up to 3-5B). Since all of these chemicals were 

silane compounds, this showed the important role of silanes in enhancing adhesion between organic 

coatings and metal substrates.  

 

3. The decrease in film hardness by means of resin ratio (PUSi-A:PUSi-B) brought slightly better 

adhesion. However, the increase in hardness by increasing the content of crosslinking agent did not 

hinder the adhesion, i.e. films with different crosslinking agent contents all had excellent adhesion. 

This was likely due to the silane content in the crosslinking agent that helped to maintain the adhesive 

performance.   

 

4. The curing conditions, although not improving the adhesion, were found to improve corrosion 

resistance. The increase in time for RT curing from 24 to 48 hours reduced corrosion of the coated 

panels down to approx. 5% while the annealing process at 60oC could reduce to approx. 1% based on 

visual observation.   

 

5. The solid content, and film thickness had some influence, but the variation of these parameters did 

not provide outstanding adhesion improvement in this study.      

 

It can be concluded from these findings that, by designing the chemistry of the coatings for a particular 

substrate and selecting proper substrate types, coating systems with strong adhesion could be obtained 

without roughening pretreatment of the substrates. This indicated the potential in developing coatings 

for direct-to-metal (DTM) applications in which the control of parameters in the coatings can offer 

substantial adhesion properties.   
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8. Future Work 

 

Several investigations and further developments can be done regarding this study of adhesion: 

 

1. The substrates can be analyzed with Atomic force microscopy (AFM) for more information about 

surface roughness. 

 

2. The amount of adhesion promoters should be optimized. 

 

3. The chemistry of the resins and the additives should be clarified. 

 

4. The clearcoat should be formulated into topcoats by incorporating pigments and fillers. 

 

5. Some corrosion inhibitors should be added to improve corrosion resistance of the coatings. 

 

6. Other types of resins and additives can be studied.  
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Appendix A 
 

Surface Morphology 
 

 

    
   (a) CRS  (b) Q steel 

    
(c) Galvanized steel (d) Sandblasted steel 

Figure A1: Surface morphology of steel substrates. 

 

 

    
  (a) ACE Al  (b) Q Al 

    
(c) Coil Al   (d) Sandblasted Al 

Figure A2: Surface morphology of aluminum substrates. 
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Appendix B 
 

Resin Ratio Calculation 
 

 

According to the specified solid contents of the resins PUSi-A and PUSi-B as 75 and 80% 

respectively, the dry content of PUSi-B can be calculated as shown in Table B1. 

 

Table B1: Calculation of solid contents of the formulations #001, #002, and #003 

 #002 #001 #003 

Solid content (wt%) 57.4 58.1 58.8 

Total wet resin (wt%) 71.0 71.0 71.0 

Total dry resin (wt%) 54.3 55.0 55.7 

PUSi-B wet content 

- in total liquid coating (wt%) 

- in total wet resin (wt%)* 

 

21.3 

30.0 

 

35.5 

50.0 

 

49.7 

70.0 

PUSi-B dry content  

- In total liquid coating (wt%) 

- In total solid coating (wt%) 

- In total dry resin (wt%) 

 

17.0 

29.6 

31.3 

 

28.4 

48.9 

51.6 

 

39.8 

67.7 

71.5 

*This content was used in the Results and Discussion, section 6.4 Resin ratio 
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Appendix C 
 

DSC Thermograms 
  

 

 
Figure C1: DSC thermogram of PUSi-A resin.  

 

 
Figure C2: DSC thermogram of PUSi-B resin.  
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Appendix D 
 

SEC Chromatograms 
 

 
Figure D1: Molecular weight distribution of PUSi-A resin. 

 

 
Figure D2: Molecular weight distribution of PUSi-B resin. 
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Appendix E 
 

FT-IR Spectra 
 

 
Figure E1: FT-IR spectrum of PUSi-A resin. 

 

 
Figure E2: FT-IR spectrum of PUSi-B resin. 
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Appendix F 
 

DMA Thermograms 

 

 
Figure F1: DMA thermogram of CC361-D0 (control) sample. 

 
Figure F2: DMA thermogram of CC361-D12 sample. 


