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Abstract 

The main goal of this research is to study the stress, structural and mechanical 

property development during the drying of particulate coatings, nano-composite coatings 

and VOC compliant refinish clearcoats. The results obtained during this research 

establish the mechanism for the stress development during drying in various coating 

systems. Coating stress was measured using a controlled environment stress apparatus 

based on cantilever deflection principle.  

The stress evolution in alumina coatings made of 0.4 µm size alumina particles 

was studied and the effect of a lateral drying was investigated.  The stress does not 

develop until the later stages of drying. A peak stress was observed during drying and the 

peak stress originates due to the formation of pendular rings between the particles.  Silica 

nanocomposite coatings were fabricated from suspension of nano sized silicon dioxide 

particles (20 nm) and polyvinyl alcohol (PVA) polymer. The stress in silica nano-

composite goes through maximum as the amount of polymer in the coating increases. The 

highest final stress was found to be ~ 110MPa at a PVA content of 60 wt%. Observations 

from SEM, nitrogen gas adsorption, camera imaging, and nano-indentation were also 

studied to correlate the coatings properties during drying to measured stress.  

A model VOC compliant two component (2K) acrylic-polyol refinish clearcoat 

was prepared to study the effects of a new additive on drying, curing, rheology and stress 

development at room temperature.  Most of the drying of the low VOC coatings occurred 

before appreciable (20%) crosslinking.  Tensile stress developed in the same timeframe 

as drying and then relaxed over a longer time scale.  Model low VOC coatings prepared 
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with the additive had higher peak stresses than those without the additive.  In addition, 

rheological data showed that the additive resulted in greater viscosity buildup during 

drying.   
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Chapter 1 : Stress Development in Drying Coatings 

1.1 Introduction 

The coatings are used in wide variety of applications [1]. Coating paints and 

protective films are used in cars, houses, and bridges to cover and protect underlying 

material. The entire publishing industry is based on coatings. The lithographic printing 

plates for printing presses are photosensitive coatings on aluminum. Photographic film, 

which is used to expose the image to be printed on the plates, is a coated product. The 

actual printing process involves coating the paper with ink. Coating technology is a 

requisite in the entire entertainment industry. The magnetic tape used for video and audio 

reproduction consists of magnetic particles dispersed in a binder and then coated on the 

polyester base. Same is true for computer industry. Most of the information storage 

device such as hard drives and floppy disks are coated products.  

An individual coating layer may contain many components: a binder, either organic 

or inorganic, a liquid solvent to dissolve or suspend components, a variety of additives 

such as surfactant, plasticizer, biocides, crosslinking agent, surface particles to control 

reflectivity and transport etc [1]. The final product can range in complexity from single 

layer to multilayer coatings. Typical coating products are manufactured and sold with 

several coating layers.                
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A coating is usually deposited in liquid form. Coating by depositing a liquid layer 

is always followed by some degree of solidification. Solidification may occur due to any 

of the following phenomena: departure of solvent from the solution, crystallization and 

vitrification, consolidation of particulates, colloidal flocculation and coagulation, and the 

chemical reaction of curing. Figure 1.1 shows a schematic representation of various 

mechanisms which can occur during the solidification. Desired degree of solidification 

depends on type of application. It ranges from low in the case of pressure sensitive 

adhesive to very high in the case of dense metal oxides. Typically the more fluid the 

starting liquid is, the easier it is to coat; but the more drying or reaction it takes to 

solidify.  Thus there is a basic trade-off between the coating and solidification parts of a 

process [1].   

Solidification of coating always produces shrinkage in the plane of the coating. If 

the coating can shrink freely, no stress would develop; however the coating is adhered to 

the substrate, the coating cannot shrink freely in the plane of the substrate. This in plane 

frustrated shrinkage leads to in plane biaxial tensile stress [2-4]. The stress in general 

develops when the material is being deformed. In the liquid state the polymer coating 

system is in ideal stress free state. As the polymer coating dries, the stress-free state 

changes and the polymer tries to relax to the second stress-free state. Ideally, if the rate of 

polymer relaxation and the rate of solidification are equal, then the final state of the 

coating is the same as the ideal stress-free state. For a drying or curing polymer coating, 

adhesion to the substrate confines rate of polymer relaxation and the final state and the 

stress-free state are different. In this context the deformation is the departure of coating 
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from its stress free state during the solidification [5]. The strain arises due to the volume 

difference between these two states which leads to the stress development in the coating 

system. Therefore, the magnitude of the stress depends on the relative rates of shrinkage 

and the polymer relaxation. 

 

Figure 1.1: Coating stress development due to the frustrated shrinkage during 
solidification. 
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After applying the viscous liquid onto a substrate, coating material develop 

viscous stress during initial stages of shrinkage. The viscous stress can be expressed as 

[6]: 

 σ ηε •=  (1.1) 

Where η is the viscosity and ε● is the strain rate. In the beginning of drying, viscous stress 

dominates over elastic stress. However, the viscous stress is small and it relaxes quickly. 

The relaxation time scales with the ratio of viscosity to the shear modulus [7-8]. In the 

beginning of the drying coating is still liquid with low viscosity and relaxation time is 

short. As drying proceeds, the viscosity climbs and relaxation time increases. At some 

point coating can support elastic stress. Now there are two competing phenomenon takes 

place: Stress development due to elastic nature of coating and stress relaxation due to 

viscous nature. Final stress state depends on the time scale of the two process and the 

evolving material properties. Relaxation changes the stress free state of the coating and it 

reduces the strain and therefore the stress [9, 10].  
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Figure 1.2: Schematic representation of an elasto-viscoplastic model of stress 
development during drying [4]. (With kind permission from Springer 
Science+Business Media: <Journal of Materials Science, Development and 
measurement of stress in polymer coatings, 2002, 4717, L.E. Francis, A.V. 
McCormick, D.M. Vaessen, J.A. Payne, figure number 2, and adapted from Lei 
[10])>) 

 

If stress reaches beyond the yield stress of the coating, it can lead to plastic 

deformation or yielding in the coating.  In a perfectly plastic material(no strain hardening, 

yield stress remain constant) we expect that as the stress reaches beyond this yield stress, 

the material plastically deforms and  the difference in the stress free state and the current 

state will remain constant as further shrinkage of coating continues.  Therefore the stress 
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would be constant. In a strain hardening material, the yield strength of material increases 

with increasing strain (or shrinkage) and hence stress continues to increase after the 

yielding.  For an elasto-viscoplastic material, where rate of stress relaxation is low, the 

stress may increase beyond the yield stress and then relax back to the yield stress.  

 

Figure 1.3: Effect of stress relaxation after yielding [4]. (With kind permission from 
Springer Science+Business Media: <Journal of Materials Science, Development and 
measurement of stress in polymer coatings, 2002, 4717, L.E. Francis, A.V. 
McCormick, D.M. Vaessen, J.A. Payne, figure number 2, and (adapted from Lei 
[10])>) 
 

Consider a coating element shown in Figure 1.4. The stress develops due to the 

constrained shrinkage from solidification. The coating can shrink freely in the Y 

direction; therefore it does not have any stress in Y direction. It means that the stress 

component in the y direction σyy is equals to zero. This results in the plane stress 

condition for the coating. Other two components of the stress (σxx & σzz) can be related to 

the strain component (εxx and εzz) due to the coating shrinkage from solidification by 

equation 1.2. 

A
vg

. I
n 

pl
an

e 
T

en
si

le
 

S
tr

es
s 

(D
im

en
si

on
le

ss
) 

Time (Dimensionless) 

Increasing stress 
relaxation 

Yield Stress 

Elasto-viscoplastic 



 

 7 

 

Figure 1.4: The schematic of the coated system (adapted from [11]).  
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Since the coating material is isotropic in nature therefore the strain components εxx 

and εzz 
 are equal to each other.  

 ε ε ε= =
xx zz

 (1.3) 

Hence the residual stress σ in the coating can be expressed in terms of the strain ε.  

 ( )
1

σ σ σ ε
ν

= = =
−
E

xx zz
 (1.4) 

The stress σ presented here is the biaxial in-plane stress averaged across the 

coating thickness. In addition to the in-plane tensile stress, peeling and shearing stress are 

also present in a coating system. However these stresses concentrate at the edge of the 

coating.  When the coating length and the width are much greater than the thickness, 
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these stresses can be assumed negligible [2]. These stress components are difficult to 

measure experimentally and the measurements reported here are the average values of the 

in-plane biaxial tensile stress.  

If the substrate and the coating have different thermal coefficient, then in the 

event of heating or cooling, thermal stress can develop in the system. These thermal 

stresses can add to or subtract from the stresses already present from the solidification. 

The purpose of this research is investigating only the stresses from solidification. 

Therefore, the experiments presented in this research were conducted at room 

temperature and thermal stress is not a factor.  

1.2 Various Factors Affecting Stress 

1.2.1 Glass Transition Temperature  

A material’s glass transition temperature, Tg, is the temperature below which 

molecules have little relative mobility. Above Tg, the secondary, non-covalent bonds 

between the polymer chains become weak in comparison to thermal motion, and the 

polymer becomes rubbery and capable of elastic or plastic deformation without fracture. 

Consider a molecular liquid which is slowly cooling down. At a certain temperature, the 

average kinetic energy of molecules no longer exceeds the binding energy between 

neighboring molecules and growth of organized solid crystal begins. Formation of an 

ordered system takes certain amount of time since molecules must move from their 

current location to energetically preferred point at crystal nodes. As temperature falls, 

molecular motion slows further down and, if cooling rate is fast enough, the substance 
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enters into dynamic arrest and a disordered, glassy solid (or super-cooled liquid) forms. 

Such arrest apparently takes place at certain temperature, which is called the glass 

transition temperature, Tg. Since Tg is cooling-rate dependent as the glass is formed, this 

is not a true thermodynamic phase transition, which would be sharp and history-

independent [12].  

Factors such as heat treatment and molecular re-arrangement, vacancies, induced 

strain, functional groups and other factors affecting the condition of a material may have 

an effect on Tg. In polymers, Tg is often expressed as the temperature which allows 

molecular chains to slide past each other when a force is applied. From this definition, we 

can see that the introduction of relatively stiff chemical groups (such as benzene rings) or 

polar side group will interfere with the flowing process and hence increase Tg. Glass 

transition temperature of a polymer strongly depends on the solvent concentration or the 

amount of plasticizer. For a given temperature polymer with lower glass transition 

temperature will tend to solidify with less solvent trapped and hence experience less 

constrained shrinkage. Furthermore, lower glass transition temperatures mean faster 

relaxation rate, which ultimately decrease stress due to competition between relaxation 

and shrinkage during the drying of the polymer solution. Hence, stress decreases with 

decreasing polymer glass transition temperatures [13-22]. 

1.2.2 Young’s Modulus of Coating  

Young's modulus, also known as the modulus of elasticity or elastic modulus, is a 

measure of the stiffness of a given material. Elastic modulus is affected by various 

parameters e.g. the molecular weight of the polymer, curing, amount of solvent left in the 
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coating which can act as plasticizer, environmental condition (e.g. humidity, 

temperature), pigments, binders, fillers etc. The Young’s Modulus of the coating is 

closely related to the internal stress and stress of the coating increases with increasing the 

modulus of the coating [18-19].   

1.2.3 Particles  

Fine particle size materials used in coatings for various reasons: to provide color, 

to modify the properties of the coatings, or to reduce cost. It is well known that small 

solid particles (pigments, binders and fillers) influence the viscoelastic properties of the 

coatings. The dependence of many properties of pigmented films on the pigment volume 

concentration (PVC), shows the existence of a certain particular concentration near which 

many material functions changes drastically. This concentration is called critical pigment 

volume concentration (CPVC). Below CPVC the pigment particles are not close packed 

and polymer occupies the excess volume of the film. Above CPVC, the pigment particles 

are closed packed, but there is not enough polymer material to occupy all the volume 

between the particles and there are voids in the film. Addition of more pigments 

decreases the maximum internal stress, due to increase of film discontinuity. Below 

CPVC, the addition of the pigments increases the Young’s Modulus and also the internal 

stress of the coating [18, 23-27].  

1.2.4 Curing   

Generally solution based thermoplastic polymer coatings require high solvent 

levels (80 to 90 volume %). Coatings can be formulated without solvent. The obvious 
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advantages are reduced solvent emission, no need for drying therefore reduced energy 

requirements and stronger and good solvent resistant coatings. This is achieved by 

crosslinking the pure monomers solution of coating by thermal and/or radiative 

mechanism.  The transformation is commonly referred to as curing [1]. Crosslinking 

results in shrinkage of coating which leads to in-plane tensile stress. Radiation curing 

uses photons (UV curing) or electrons (electron beam curing).  Various researchers 

studied the stress development in UV-cured acrylate coatings and they found a number of 

processing variables which have significant effect on stress evolution: monomer 

functionality, photoinitiator concentration, coating thickness, UV intensity, and UV 

wavelength [28-41]. Previous studies have shown that stress increases with conversion. 

Wen et al. [34, 42, and 43] verified Croll’s hypothesis that coating stress scale with 

constrained volume shrinkage in curing system. They found that significant stress only 

develops at conversion which is high enough to vitrify (rather than gelation) the coating. 

Payne et al. [35] demonstrated that significant stress develops only after conversion 

reached about half of its value and then beyond a point further exposure to UV light 

caused a great deal of stress with little extra conversion.  They also reported that stress 

grew more rapidly and to higher magnitude with more photoinitiator, higher UV 

intensity, lower UV wavelength, and thinner coating.  

1.2.5 Edge Effect 

At the edge drying is both top down and edge in. Non-uniform solvent removal 

causes non uniform shrinkage and gradients in stress near the edge. In plane tensile stress 

become zero at the edge, but other stresses e.g. peeling stress and shear stress come into 
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play near the edge. This stresses decay to zero at a distance few coating thicknesses from 

the edge [3]. Sometimes stresses close to edge are extreme and they can lead to plastic 

yielding or failure like delamination.  The stress state near the edge and discontinuity is 

important However, in this study this stresses have been ignored.  

High elastic modulus and yield stress of hard coatings raises the level of stress 

and in plane stress gradient near the edge and make them susceptible to cracking and 

delamination. Sometimes a thin sub layer of softer material is applied between the hard 

layer and substrate. Softer sub layer would allow the top layer to retract more from the 

edge, and this retraction of top layer’s edge would allow its current state to be closer to 

stress free state. Radhakrishnan [44] modeled the effect of edge retraction on stress. 

Radhakrishnan demonstrated that with rising sub-layer thickness, the edge retraction 

increases up to a point and after that increasing sub-layer thickness does not affect the 

stress. Edge retraction effect is significant only near the edge and falls quickly few 

coating thicknesses away. Amount of edge retraction depends on the ratio of the modulus 

of two layers and their thicknesses. Uses of weaker sub layer lower the stress near the 

edge, and so it reduces the danger of delamination near the edge, however it does not 

affect the overall stress.      

1.2.6 Capillary Stress   

Chiu et al. [45, 46] and Guo and Lewis [47] have studied drying of coatings 

produced from aqueous colloidal suspensions of without organic binders. They correlated 

the measured stress to capillary pressure in the liquid phase. Such coatings display a 

period of stress rise, followed by a maximum stress, and a successive decline to a stress-
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free state. They identified several processing parameters that influenced the drying stress 

evolution and cracking behavior of such films. Of these, particle size, liquid surface 

tension, and dispersion stability had the most prominent effect on drying behavior. A 

biaxial tensile stress develops due to capillary tension in the pore liquid. As the liquid 

meniscus recedes within the pores, capillary and adsorption forces oppose the formation 

of a solid gas interface. The capillary pressure or tension that the receding liquid exerts 

on the solid leads to compression of the solid. The capillary pressure would cause 

shrinkage in the plane of the drying film if the coating film is not constrained by the 

substrate. Since substrate imposes a dimensional constraint, it changes the stress free state 

of the coating and thus generates an in-plane biaxial tensile stress. The drying stress is of 

the order of capillary pressure. However, capillary pressure can be given by the following 

expression: 

 
r

p
σ2=  (1.5) 

Therefore, the film stress will increase with increasing the surface tension of the liquid 

and with decreasing pore size. Coating shrinkage is related to the pore diameter.  Pore 

size is affected by particle size and shrinkage.  

1.3 Stress Relaxation   

The elastic stresses that develop also tend to relax by various mechanisms. The 

elastic stress state not only depends on the composition of the coating but also on the 

configuration and entanglement of the polymer molecules [48]. These molecules, through 
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their thermal motion tend towards an elastic stress free state. The rate of stress relaxation 

depends on the amount of the solvent left, density or free volume, molecular 

configuration, and entanglement. If the composition and temperature of the polymer 

coating is such that it is above the glass transition temperature then stress relaxation is 

almost instantaneous. On the other hand if it is well below Tg stress relaxation is quite 

slow.  State of stress in a coating is result of the competition between stress development 

and stress relaxation; therefore it is also important to understand the mechanism behind 

the stress relaxation in polymer coatings.  

1.4 Stress Related Defects  

If elastic stress grows large enough, it can produce a variety of defects, among 

them curling, crazing, cracking, peeling (delamination), stretch pattern (tensile yielding), 

and microstructural alternations, e.g. changes in layering, particle location, crystal state, 

and porosity [2, 11, 49-55].  

If the substrate is not flexible enough to relieve the stresses and the stresses are 

greater than the cohesive strength, the coating will crack. It is known that thicker the 

coating, the greater the tendency to curl or crack [50-52]. Drying induced stress can also 

cause adhesive failure or delamination of the coating and the substrate. In multilayer 

coatings, these forces can cause cohesive failure within the coated layers. Even if stresses 

are constant, the tensile force will be greater for the thicker coating.  Other defects which 

are common during processing of coatings are reticulation or wrinkling and starry night 

[50, 54]. Visually, reticulation is pattern of hills and valleys that results as the coating 

buckles under drying induced differential swelling stresses. This surface non-uniformity 
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can lead to hazy and uneven coating. Starry night results when a matte particle is applied 

to the upper layer of the coating, disturbs a lower pigmented layer, and leads to a 

microscopic hole in the pigmented layer. The disturbance is due to differential residual 

stress caused by difference in the rate of drying above and below the particle. Stress 

development in drying coating is still not well understood; therefore these defects are 

hard to be corrected during the manufacturing of coatings. It is important to understand 

the fundamentals of stress development so that mechanisms responsible for these defects 

can be identified, defect formation can be predicted and avoided.  

1.5 Stress Measurement   

There are a number of stress measurement techniques available [2]. Most common 

method of stress measurement comes from observations of curvature when a film is dried 

on a thin substrate. Such measurements have been made by casting a coating solution on 

a beam fixed at one end and measuring the deflection of the free end. If a cantilever 

substrate is clamped, horizontally between two stainless steel plates, leaving one free end 

to deflect.  

A classic beam theory was used by Stoney [56] to derive expression for stress 

relating it to the deflection of the cantilever beam.  

 
2

23
sE t d

cL
σ =  (1.6) 

Where Es is the elastic modulus of the substrate, c is the coating thickness, t and L are 

substrate thickness and length respectively and d is the deflection of the cantilever beam. 
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Equation 3.2 has been derived assuming uniaxial stress condition, but in coating stress 

state is biaxial. Using the plate theory approach developed by Timoshenko and Gere [57], 

Corcoran [58] derived a modified equation for stress: 
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Where Ec is the elastic modulus of the coating, and νc and νs are Poisson’s ratios of 

coating and substrate respectively.  The second term in the equation 3.3 is due to stress 

relief because of bending of cantilever. If substrate is rigid and it does not bend than 

stress will higher in the coating. Typically elastic modulus is much smaller than the 

substrate modulus, therefore the second term can be neglected.  Other important 

assumptions in the derivation of the above equation are: 1)The coating adheres properly 

to the substrate, 2) All deflections are spherical in nature, 3) Elastic limits of the coating 

and substrate are not exceeded, 4) Stress variation of the coating as a function of 

thickness is negligible, 5) Material is isotropic in nature. 

In the current research a stress measurement technique based upon the cantilever 

deflection principle has been used. A controlled environment apparatus, which was build 

by Payne [19] and subsequently modified by Vaessen [2], has been used for the 

experimental studies. A schematic of the stress measurement apparatus is shown in 

Figure 1.5.  
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Figure 1.5: Stress measurement apparatus [4]. (With kind permission from Springer 
Science+Business Media: <Journal of Materials Science, Development and 
measurement of stress in polymer coatings, 2002, 4717, L.E. Francis, A.V. 
McCormick, D.M. Vaessen, J.A. Payne, figure number 4, and adapted from [20-
22]>) 
 
 

Substrate is coated by a draw down blade coater in the coating chamber, and then 

it is moved to the drying chamber where stress measurement takes place. To measure the 

deflection, a laser beam and a position sensitive photodiode is used. Optical resolution of 

apparatus is ~ 0.4 µm. Drying rate can be controlled by controlling the flow rate, 

temperature and relative humidity of the drying gas. Industrial N2 gas is used as drying 

gas. Humidity is controlled by passing the nitrogen gas through water and mixing it with 

dry nitrogen gas in desired proportion. Simultaneous camera visualization is also 
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available; therefore movement of the drying front can be carefully studied. To measure 

the drying rate, weight-loss experiments have also been conducted using the analytical 

balance.        

1.6 Objective & Outline of the Thesis 

The primary goal of this research is to study the stress development in particulate, 

nano-composite and polymeric coating systems to fully understand the mechanisms for 

stress and structural development. Chapter 2 focuses on stress development in the 

particulate coatings.  The particulate coating do not dry uniformly rather it dries with a 

liquid/air front moving inwards from the edges of the substrate. In the latex coatings this 

drying front is visible in terms of the changes in the gloss of a drying coating appearing at 

the edges first [2].   In the derivation of equation 1.6, the substrate curvature is assumed 

to be constant along its length.  The drying process results in an evaporation flux that not 

only varies spatially across the film but also results in a laterally propagating drying 

front. In the case of inhomogeneous drying where a front propagates laterally the 

curvature will vary spatially. Therefore in the case of inhomogeneous drying where a 

front propagates laterally, measuring and interpreting the stress evolution using the 

plate/beam deflection theory is misleading and leads to incorrect interpretation of the 

measured stress. The research described in chapter 2 focus on removing the lateral drying 

front in particulate coatings suspension and studies the stress evolution during the drying 

of colloidal dispersions using the classic plate/beam deflection theory.   

Chapter 3 focuses on understanding the connection between the phase content, 

microstructure, stress and the properties in nano-composite silica/PVA coating system. 
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Earlier the research has been was focused on determining the stress and mechanical 

properties of porous ceramic-rich coatings or non porous polymer-rich coatings with 

macro size particles.  The effect of nanosize particles on the stress and mechanical 

properties of composite coatings over the entire range was not investigated previously. 

The porous nano silica coatings mixed with poly vinyl alcohol also dry with a lateral 

drying front. The stress without the lateral drying fronts in the nano particle and nano-

composite systems has never been studied. This chapter 3 reseach is focused on studying  

the drying stress, Young’s modulus and microstructure of a nanocomposite paper-coating 

system composed of silica nanoparticles and poly vinyl alcohol (PVA) polymer over the 

entire range of ceramic polymer ratio.  

Chapter 4 focuses on stress and property development in automotive refinish 

coatings. The motivation behind the research in chapter 4 was to show that the stress 

development studies can be very useful in understanding the structure development in 

real life coatings.  Knowledge of coating stress and how it is affected by processing 

variables is vital to preventing the formation of defects, such as cracks and wrinkles. 

There has been very little research on stress development in automotive clear coats; the 

research described in chapter 4 studies the automotive clearcoat materials.  Furthermore 

the research investigates the impact of a new cellulose ester additive, in a automotive 

refinish clearcoat formulation. A number of experimental techniques including weight 

loss, FTIR and in-situ viscosity development during drying was combined with stress 

measurements to study the structure development in the automotive clearcoat  that are 

formulated with and without a cellulose additive.   
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Stress development was monitored using a controlled environment stress 

measurement apparatus. Other experimental techniques that were used in this research 

includes nano-indentation,  scanning electron microscopy, Fourier Transform Infrared 

Spectroscopy, nitrogen gas adsorption, thermo gravimetric analysis, rheometry, video 

camera monitoring and weight loss experiments.  
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Chapter 2 Stress Development in Particulate Coatings 

2.1 Introduction 

Particulate coatings are made by spreading a colloidal suspension onto a substrate 

and drying the liquid [59, 60].  A few common uses of particulate coatings includes latex 

paints [61, 62], inks, ceramic frits for glazes or enamels, biofilms [63], pharmaceuticals 

[64] and, more recently, ordered arrays of particles created by convective particle 

transport such as quantum dots  [65].  However, the removal of liquid during the drying 

process can lead to significant stresses and strains, causing defect formation and cracking. 

Therefore it is very important to study the drying behavior of particulate coatings and 

understand the stress development during the drying.  

Scherer [66] studied the stresses during the drying of an unconstrained droplet of 

a ceramic colloidal dispersion. Initially the particles are dispersed in the liquid with 

repulsion forces keeping them from agglomerating. Once the droplet starts drying, the 

liquid evaporates and creates a porous body and exposes the solid network. In the process 

the solid/vapor interface would appear where the solid/liquid interface would have been.  

This process would raise the energy of the system since γSV> γSL, so liquid flows from 

the interior to prevent the exposure of the solid. As it stretches towards the exterior, the 

liquid feels tension. The tension in the liquid is balanced by the compression in the 

network and the network shrinks.  The liquid flows from the interior along pressure 

gradients imposed by faster rate of evaporation at the edge. According to the Scherer [66] 
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the stresses results from a gradient in the pressure in the liquid in the pores. The stress 

increases with the size of the body and the drying rate and inversely proportional to the 

permeability of the porous structure.  

Chiu et al. [45, 46] studied the drying stresses in particulate coatings composed of 

ceramic colloidal dispersions. They demonstrated the importance of the substrate.  There 

recognized two possible causes of biaxial stress in the drying coatings. The differential 

stress resulting from the moisture gradients between the top and the bottom of the coating 

can be one reason for the stress development. Since a moisture gradient in the coating 

represent a self constraining situation, the differential stress resulting from the moisture 

gradients would make a coating crack regardless of the substrate. They found that the 

coatings dried on mercury pool did not crack and therefore they ruled out that differential 

stress generated by the moisture gradients causes cracking.  Secondly the stress could 

also develop due to the capillary tension in the pore liquid as it was described by Scherer 

[66]. The capillary stress would cause the shrinkage in the plane of the coating. This 

shrinkage is constrained by the substrate which leads to tensile stress. They found that the 

maximum drying stress was inversely proportional to the particle size and it was 

proportional to the liquid surface tension.  

Stress evolution has been studied experimentally in a number of particulate 

materials, including silica [47], calcium carbonate [67], alumina [68-71] and lead 

zirconate titanate [72]. Stress evolution has also been studied in particulate materials [69-

75] with added binders.  Latex dispersion systems have also been investigated [76, 77-

78].  In particulate system where no binder has been added, the stress increases initially, 



 

 23 

before decreasing. Usually a residual stress is measured, but this sometimes falls to zero.  

The rise in the stress has been linked to the lateral drying front and the stress peak 

coincides with the disappearance of the lateral drying front. The stress rise has been 

attributed to the capillary pressure induced by the liquid menisci between particles. The 

observed peak stress have been found to be of the same order of magnitude as the 

maximum capillary stress, Pc,max, given by 

 
γ

= − L,V

c,max
P k

r
 2.1  

where γL,V is the liquid/vapour surface tension, r the particle radius and k is some 

numerical constant with a value of approximately 10 [77].  

2.2 Lateral Drying Front 

2.2.1 Introduction 

If the coating is coated onto a small substrate then the coating dries non-uniformly 

in the plane of the substrate [78]. The coating does not dry with a liquid/air front moving 

downwards from the top surface of the coating towards the substrate over the entire 

region of the coating. Rather, it dries with a liquid/air front moving inwards from the 

edges of the substrate. In the latex coatings this drying front is visible in terms of the 

changes in the gloss or turbidity of a drying coating appearing at the edges first [79].   As 

the liquid evaporates and menisci form in between particles, capillary pressure exerted by 

the liquid pulls the particles towards one another until a particle network forms. At this 

point the particles are touching each other and have reached their maximum packing 
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fraction. As the drying proceeds further, liquid recedes in the pore spaces of the particle 

network, which empties as further evaporation takes place. For a coating drying on a 

small substrate, the formation of the particle network and liquid receding in between the 

particles does not happen uniformly over the entire surface of the coating. Rather, the 

formation of the particle network and pore emptying happens at the fronts that move from 

the outer edge to the center of the coating. This is known as lateral drying [80].  

 

 

Figure 2.1: The suggested cross section of a drying colloidal film with a central wet 
region and dry edges (Reprinted with permission from Salamanca et. al 
[81] Copyright 2009 American Chemical Society). 

 

Lateral drying of particulate (latex) coatings on a flat substrate was first observed 

by Sheetz [82] and subsequently by others. Croll [26, 27] observed latex coatings dried 

under parallel airflow. He suggested that the coating dries faster at the edges because the 

air is less humid there and at the edges there is a greater volume of air available to into 

which the liquid can evaporate. Vanderhoff et al. [68] dried latex in a dish such that the 

coating was thinner in the center and thicker at the edges. They observed that the coating 
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became transparent in the center first, with a drying front that moved towards the side.   

Similar observations were made by Denkov et al. [83] and Winnik et al. [3, 78]. The 

coatings appeared to dry fastest wherever it is thinnest. Winnik et al. [3] attributed the 

faster drying near the edge to a high surface area for evaporation as the liquid/air 

meniscus curves over the particle network formation.     

A more careful account of experimentally observed drying fronts was written by 

Sutanto et al. [84]. They distinguished three different kinds of lateral drying fronts in 

latex coatings: a consolidation front, a dry-out or air invasion front and a pore vanishing 

front. The first front to develop is the consolidation front and it is nucleated by particles 

first beginning to pack together. In lateral drying the consolidation front first appears 

where the packing is thinnest. The drying is enhanced at the thin edges due to the reduced 

resistance to the vapor phase transport, leading to the formation of a packed particle 

network there (Figure 2.1). Curved menisci form between particles at the edge with low 

pressure beneath and the convective flow to the edge ensues, leading to a consolidation 

front that moves from the edge in (Figure 2.2).  A dry-out or air invasion front follows 

the consolidation front. It separates the water filled pore space from the pores in which air 

has invaded. A pore vanishing front, only observable when particles are deformable, 

follows the air invasion front. It is caused by the deformation of particles and consequent 

shrinkage of voids.  Sutanto et al. [84] also observed that the consolidation front and the 

pore vanishing front can appear as a transition from more turbid coating to less turbid 

coating.  



 

 26 

 

Figure 2.2: The enhanced drying at the thin edges due to the reduced resistance to 
the vapor phase transport. 
 
 

 
Figure 2.3: Packed particle network at the edges and the convective flow to the edge. 

An alternate explanation for lateral flow of particles to the coating edge was given 

by Deegan et al. [85] who suggested that a pinned liquid-solid contact line at the edges 

coupled with a spatially varying evaporation rate can result in a lateral flow of dispersion 

liquid.   

2.2.2 Factors Affecting the Lateral Drying Front 

If water remains at the edges during the drying and the wet central region 

disappears then a completely saturated close packed region can be achieved over the 

entire area of the coating [Figure 2.5]. Any further water evaporation from this saturated 
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close packed region lead to drying that is uniform in the lateral direction. Routh and 

Russel [86] have proposed a theoretical model to determine the duration of water 

remaining at the edges of a drying. They have defined “open time” as the time until a 

water front recedes from the sample edges.  

 

Figure 2.4: The cross section of a drying colloidal film with a complete saturated 
close packed region over the entire area of the coating. 
 

For a particulate coating composed of colloidal particles dispersed in water with 

an initial film thickness H and a step or a circular arc shaped edge, the model predicts the 

height and the fraction of solids in a drying coating as a function of time. As the water 

evaporates the particles form a close-packed region at the edge with water filling the inter 

particle pore space. Further evaporation from this close-packed region brings water from 

the central wet dispersion. This action transport the particles to the particle packing front 

and propagates the close packed region inwards. Any three particles touching each other 

create a pore “throat” and the curved solvent surfaces in these throats results in a 

capillary pressure. The pressure gradient due to the flow of the solvent through packed 

region is balanced by this capillary pressure. When the pressure necessary to transport 

water through the packed bed exceeds the maximum capillary pressure, the water will 
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recede from the edges. The model calculates the pressure in the close packed region as a 

function of drying time.  In the model, the capillary pressure is normalized by the 

characteristic pressure for flow through a close packed region, and it is expressed as [86]: 
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where ηo is the zero-shear-rate viscosity of the dispersion, E is the water evaporation rate 

(in units of distance per time), µ is the viscosity of the continuous liquid, γ is the surface 

energy of the liquid and a is the particle radius. The volume fraction of solids at close-

packing of the particles is given as Φm.  

  Salamanca et al. [81] varied the normalized capillary pressure pc and they found 

that the movement of lateral drying fronts is enhanced by minimizing pc, whereas 

uniform drying can be achieved by maximizing pc. The normalized capillary pressure pc 

can be changed by controlling the particle size, film thickness, surface tension, and 

evaporation rate. A lower value of the normalized capillary pressure pc can be achieved 

by using the smaller particle size, a faster evaporation rate, and a greater film thickness. 

This results in the recession of solvent from the edges of particulate colloidal coating 

during drying and lateral drying is prominent in these samples. A larger particle size, a 

slower evaporation rate, and a lower thickness, on the other hand, increase the normalized 

capillary pressure pc and thus promote drying that is more uniform in the lateral direction. 

Similarly thickeners or other viscosity modifiers also influence the lateral drying of latex 

films.  
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2.2.3 Stress Measurement: Difficulties Due to the Lateral Drying  

The stress evolution has been studied in a number of particulate materials from 

the observations of curvature when a coating is dried on a thin substrate.  The curvature 

has been measured by casting a particulate colloidal suspension on a beam fixed at one 

end and measuring the deflection of the free end [19, 20].  The deflection can be 

converted into the stress in the coating from the well-known plate/beam deflection 

relation [56]. 
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where σ, the stress in the plane of the film, is assumed to be constant throughout the 

coating. Also, Es, νS and ts are, respectively, the Young’s modulus, Poisson’s ratio and 

thickness of the substrate, d is the deflection measured at the tip of the film, and tc and L 

are, respectively, the average thickness and length of the drying coating.  

In the derivation of the equation 2.2, the substrate curvature is assumed to be 

constant along its length.  The drying process results in an evaporation flux that not only 

varies spatially across the film but also results in a laterally propagating drying front. In 

the case of inhomogeneous drying where a front propagates laterally the curvature will 

vary spatially. Thus the measured substrate deflection, which is a measure of the average 

transverse stress in the coating, is also a strong function of the exact location of the 

drying front [76].  It is possible to get a different stress evolution curve if the substrate 

dimensions are varied. For example in an infinitely long and wide substrate, most of the 

evaporation should take place in the thickness direction and lateral drying should not 
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affect the stress evolution. Therefore in the case of inhomogeneous drying where a front 

propagates laterally, measuring and interpreting the stress evolution using the plate/beam 

deflection theory is misleading and leads to incorrect interpretation of the measured 

stress. It also results in the underestimation of the peak stress. Some parts of the coating 

closer to the edge have already gone through a stress peak by the time the lateral drying 

front reaches the center and the overall average stress peaks.  

Earlier, Chiu et al. [45, 46] have manipulated the drying conditions to obtain a 

uniform saturated close packed region throughout the coating, which results in 

homogeneous drying. However it was a very special case and it is difficult to replicate 

such drying conditions for all particulate coating suspensions.  Real world particulate 

coating applications employ larger substrates in the process of depositing particles via the 

drying of colloidal dispersions. The effects of lateral drying on process conditions are 

minimal in the real world particulate coating applications. Therefore it is important to 

systematically study the stress evolution that is not influenced by the lateral drying to 

understand the effect of the experimental parameters on stress development in particulate 

coatings. The current research described here focuses on removing the lateral drying front 

in particulate coatings suspensions and studies the stress evolution during the drying of 

colloidal dispersions using the classic plate/beam deflection theory.    
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2.2.4 Removing the Lateral Drying  

Lateral drying is launched by the formation of a consolidation front. The 

consolidation front is nucleated by particles first beginning to pack together. The 

consolidation front first appears at the edges of the coating where the coating is thinnest. 

The drying is enhanced at the thin edges due to the reduced resistance to the vapor phase 

transport and it leads to the formation of packed particle network at the edges. Curved 

menisci form between particles at the edge with low pressure beneath and the convective 

flow to the edge ensues, leading to a consolidation front that moves from edge in.  Since 

lateral drying occurs because of the thin edges, it can be stopped by manipulating the 

contact line where the coating liquid, air and substrate meet, to keep the coating at a 

constant thickness at the edge. The natural shape of the liquid on a substrate with a low 

contact angle is a spherical cap that gradually thins at the edge. A border along the edges 

could prevent this geometry from forming and can lead to establishment of a uniform 

thickness (Figure 2.5). For example, a vertical border with a 90o contact angle with 

respect to the coating liquid can establish a uniform edge thickness. A more practical 

cylindrical border which makes higher contact angle with the coating liquid could also be 

used to keep the coating liquid flat and uniform. 
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Figure 2.5: Strategies to use a border to keep the coating liquid flat at the edges and 
promote uniform drying. θθθθ = contact angle.    

2.3 Experimental 

2.3.1 Materials 

 The ceramic particulate coatings used in this study were made from the aqueous 

dispersions of alumina. The average particle size of the alumina powder is 0.4 µm (SPA-

0.5; Ceralox) as reported by the manufacturing company. The specific surface area is 8 

m2/g. The particle has a green density of 2.21 g/cc and fired density of 3.94 g/cc as 

reported by the manufacturer.  As received alumina particles were dispersed in distilled 

water by adjusting the pH of the dispersion to 4.0 with nitric acid followed by 

ultrasonication (Model 2510; Branson Ultrasonics Corporation) for 1 hour.  The pH of 

the dispersion was readjusted to 4.0 and the dispersion was mixed with a stir bar for 
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another 24 hrs. The total solid loading of the coating dispersions was kept constant to 40 

wt%.  

2.3.2 Stress Measurement 

For stress measurement, the coating dispersion was coated onto 0.400 mm 

(±0.005 mm) thick steel substrate (steel feeler gauge stock, L.S. Starrett Company) using 

an automated draw down blade coater at a constant coating speed (0.70 cm/seconds). The 

coating was quickly transferred to the drying chamber of the stress measurement 

apparatus, where the stress measurement data were taken. The final coating thickness of 

the coating in all cases was 40 µm (±3 µm). The clamped length of substrates in all cases 

was 45 mm (±0.5 mm), and the width was 8 mm (±0.5 mm). The coatings were dried at 

room temperature. To promote good wetting, various substrate surface treatments were 

used. The steel substrates were sanded using 400-grit silicon carbide sandpaper (Buehler 

Corporation) for 2 minutes. Then the steel substrates were sonicated in acetone for 30 

minutes followed by sonication in isopropyl alcohol (IPA) for 30 minutes. Substrates 

were then dried with compressed air before the coating application. The lateral drying 

front was removed by adding a border (Ace Rope Caulk Weatherstrip; Ace Hardware 

Corporation) to the edges of the steel substrates. The rope caulk material was rolled into 

thin cylindrical ropes and it was stuck to the edges of steel substrate manually by 

applying finger pressure. The coating liquid was applied using a needled syringe and the 

thicknesses of the coatings were controlled by controlling the coating liquid volume. The 

final coating thickness of the coating in all cases was 40 µm (±3 µm). Several (at least 

three) stress measurements were carried out to ensure reproducibility. 
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2.3.3 Weight Loss Measurement 

Weight loss during drying was measured using an analytical balance (AG 245; 

Mettler Toledo Incorporation) fitted with a data transfer mechanism.  The weight loss 

measurements were conducted under the same drying condition as the stress 

measurement. The coating dispersion was coated onto 0.400 mm (±0.005 mm) thick steel 

substrate (steel feeler gauge stock, L.S. Starrett Company) using an automated draw 

down blade coater at a constant coating speed (0.70 cm/seconds). In the case of a 

substrate with the border, the coating liquid was applied using a needled syringe and the 

thickness of the coatings was controlled by controlling the coating liquid volume. The 

coating was quickly transferred to the analytical balance. The final coating thickness of 

the coating in all cases was 40 µm (±4 µm). Several (at least three) weight loss 

measurements were carried out to ensure reproducibility. 

2.3.4 Optical Monitoring 

The coatings were monitored using a video camera to observe the lateral drying 

and its correlation to the stress and weight loss measurement. A video camera (#KP-D50; 

Hitachi Ltd.), was placed above the analytical balance and stress measurement apparatus 

for simultaneous video monitoring of coating optical characteristics during weight loss 

and stress measurements. A monitor and VCR (#CT-S1390Y, SVHS AG1980; 

Panasonic) were used to record the video footage.  
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2.3.5 Removing the Lateral Drying  

The border strategy described in section 2.2.4 was tested out on a number of 

coating dispersions by creating a border made of rope caulk material (Ace Rope Caulk 

Weatherstrip; Ace Hardware Corporation) along the edges. The rope caulk was chosen as 

the border material because it was easy to work with, has a low modulus and it makes a 

high contact angle with most of the coating dispersion. The modulus of the border was 

measured using the tensile tester (Model No. 100P; Test Resources) with the help of Rob 

Shurig. Latex fluoropolymer, water-based coatings (Kynar Aquatec® RC 10206; Arkema 

Inc.) were coated and dried on steel substrates at room temperature with the border. The 

coatings were observed under a digital microscope (KH 7700, Hirox Co. Ltd.). The 

contact angle between the border and the latex coating dispersion was obtained using the 

drop shape analysis system (DSA 10; Kruss GmbH) and it was 95.5 o ±2o.  

2.4 Results & Discussion 

2.4.1 Characterization of the Border Material: Modulus  

The compressive modulus of the border material was found to be approximately 

4.5 MPa (Figure 2.6).  The tensile modulus was found to be approximately 2 MPa (Figure 

2.7).  These modulus values are approximately 5 orders of magnitude lower than that of 

the silicon substrate (170 GPa) and may be deemed negligible for the purposes of 

deflection measurements. Stress strain plots for compression and tensile testing of the 
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putty are shown in Figure 2.6 and Figure 2.7.  These plots were used to calculate the 

modulus of elasticity in both compression and tension. 

 

Figure 2.6: Stress strain plots for compression testing of the border. 
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Figure 2.7: Stress strain plots for tensile testing of the border 
 

2.4.2 Lateral Drying: Effect of the Border  

 
The latex coating dries with a lateral drying front that propagates from the edges 

towards the center. A crack propagation front perpendicular to the lateral drying is also 

visible in the Figure 2.8, which suggests that the coating at the edges have dried and 

developed enough stress to crack. Such crack propagation fronts accompanying the 

lateral drying has been subject of research in various publications [45-47, 76]. When a 

border made of caulk material was used, no lateral drying front was observed. The next 

question that we needed to answer was if the border will affect the stress measurement.  
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Figure 2.8: Testing the border to keep the coating liquid flat at the edges and 
promote uniform drying. (1) Without the border: lat eral drying (2) With the 
border: no lateral drying. 

 

Finite Element (FE) analysis was used by Rob Shurig to explore the relationship 

between the cantilever deflection and the coating stress under the presence of the border. 

The model had inputs of the clamped length of the substrate as 45 mm (±0.5 mm), the 

width as 8 mm and the thickness of the substrate as 0.400 mm. The presence of the 

border meant that the coating was absent about 100 µm along each long edge and 200 µm 

each at the clamped end and free end. The input for the substrate (silicon) modulus is 172 

GPa and Poisson’s ratio is 0.25. The input for the coating modulus was assumed to be 3 

GPa and the Poisson’s ratio was taken as 0.33. Drying induced stress was simulated by 

applying a thermal load of -2 oC to the coating elements.  Coating elements were given a 

coefficient of thermal expansion of 0.001 /oC. This load is consistent with that which 

would cause shrinkage of 0.2% if the coating were in an unrestricted state.    The FEA 

analysis reported that the deflection of each cantilever was very similar.  At 30 mm from 

the clamped end, the fully coated cantilever deflected 6.86 µm while the cantilever with 
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the border deflected 6.72 µm.  This represents a difference of 2.07%.  According to 

equations developed by Corcoran, the coating stress is proportional to cantilever 

deflection.  Therefore, the presence of the border only results in an error of approximately 

2%.  This result is intuitively reasonable as the 100 µm strips on each long edge of the 

cantilever represent 2.5% of the cantilever’s cross-sectional area.  

Von Mises stress plot for each model is shown in Figure 2.9 and Figure 2.10.  The 

model shown in Figure 2.10 uses only half of the cantilever in order to reduce model size.  

This was achieved using symmetry about the cantilever’s long axis. The coating elements 

on the plane where z = 0 were held constant in the direction of the short axis. Figure 2.10 

also show very little influence of the border on the stress.  

 

Figure 2.9: Von Mises stress of fully coated cantilever without the border. 
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Figure 2.10: Von Mises stress of cantilever with the border. 

2.4.3 Stress Measurement: No Border 

Figure 2.11 shows the images of the surface of the alumina coatings (obtained 

with a video camera) during the drying. Initially the coating is milky in appearance. After 

~ 10 minutes of drying, a lateral drying front, 1 mm distance away from the edges 

appears. As the drying proceeds further this lateral drying front gradually moves from the 

edges towards the center. After 30 minutes of drying the lateral drying front ceases to 

exist. At this point there is still some water left in the coating and further drying cause 

coating to appear glossier in appearance. At 39 minutes a crack appears at the edges of 

the coating. The drying is enhanced at the thin edges due to the reduced resistance to the 
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vapor phase transport and it leads to the formation of packed particle network at the 

edges. Curved menisci form between particles at the edge with low pressure beneath and 

the convective flow to the edge ensues, leading to a consolidation front that moves from 

edge in.  After the lateral drying front has disappeared the remaining water comes out of 

the pores between the alumina particles and the particles are pulled against each other by 

capillary forces. When all the water is gone then there is nothing to hold the particles 

together and cracks starts appearing in the coating.  

The stress curve for the same coating is shown in the Figure 2.12. The tensile 

stress increases initially, then hits a plateau and starts increasing again as the drying front 

moves in. The stress eventually peaks just after the lateral drying ceases to exist. Then the 

stress relaxes back to zero and cracks in the coating start to appear. The weight loss 

measurement which was done separately on the identical sample is shown in Figure 2.13. 

After the lateral drying stops there is still some water (~2-3 wt %) left in the coating, 

which comes out in the subsequent drying process. It seems that the stress relaxes as soon 

as the rest of the water evaporates from the packed particle network.  
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Figure 2.11: Images of the surface of the alumina coating, captured from a real time 
video. Time points are indicated in the lower left of each image. The red dot from 
the free end is the laser beam.  
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Figure 2.12: Stress evolution graph for alumina coating drying with a lateral drying 
front (coating thickness is 39 µµµµm). 

 
Figure 2.13: Weight loss graph for alumina coating drying with a lateral drying 
front (coating thickness is 41 µµµµm) 
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It is evident from Figure 2.12 that the coating dries at the edges first and packed 

particle network forms at the edges. The packed particle network contains some water in 

the forms of pendular rings around the points or areas of particles contact. In their model 

of stress development in particulate coatings, Pekurovsky and Scriven [88] predicted that 

the formation of pendular rings lead to tensile stress. With the pendular rings of water 

around the particles, surface tension and capillary forces bring the particles together 

(Figure 2.14). The coating is constrained in the in-plane direction of the substrate due to 

this adhesion. This leads to in-plane constrained shrinkage which results in the in-plane 

biaxial tensile stress in the coating. The particles are also drawn in the thickness direction 

yet since the coating can shrink freely in the thickness direction no out of plane stress 

develops.  

A particle networks with the pendular rings forms at the edges and increases in 

size as the lateral drying front moves in from the edge. Therefore, as the drying proceeds 

further, larger areas of the coating contribute toward the measured stress. Once the lateral 

drying ceases to exist and the particle network has formed over the entire area of the 

coating then the measured stress reaches its peak value. Further drying leads to the 

emptying of the pores, which removes the pendular ring between the particles. The stress 

starts to relax after that point.  
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Figure 2.14:Surface tension and capillary forces acting on the particles due to the 
pendular rings of water (Adapted from Pekurovsky [88]).  

 
Figure 2.15: Stress evolution graph for alumina coating drying with lateral drying 
front. 
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The same stress measurement experiments on different specimens reveal that the 

stress evolution profiles are not completely reproducible (Figure 2.15).  The stress 

increases as the lateral drying front moves in and decays back to zero value when the 

lateral drying stops. More than one stress peaks were observed. Furthermore, the position 

of various peaks on the stress evolution curve was a strong function of the coating 

thickness. The stress state in the coating is inhomogeneous during lateral drying. The 

coating part close to the edge have already experienced and relaxed the stress by the time 

the center part of the coating dries. It results in a complex stress evolution curve for the 

overall particulate coating. The overall stress evolution curve is the convolution of 

various stress evolution curves as the coating dries from edge in. The peak stress in all 

cases was found to be of same magnitude (~0.25 MPa). The lateral drying front creates a 

non uniform stress state and converting the defection to obtain the stress profile is 

erroneous since it does not satisfy the basic assumption of the uniform stress state in the 

plate/beam deflection theory. In order to better understand the stress evolution it is 

important to measure the stress in the particulate coating in the absence of the lateral 

drying front.  

2.4.4 Stress Measurement: With Border 

Figure 2.16 shows the surface of the alumina coatings (obtained with a video 

camera) during the drying of the coating with a border attached to the edges. Initially the 

coating surface is glossy in appearance. The border does not let the coating dry at the 

edges first and the coating dries more uniformly.  There is no lateral drying front present. 

The coating dries with a uniform drying rate which has been confirmed by the weight 
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loss experiment (Figure 2.17) on a different but identical specimen under the same drying 

conditions. The specimen surface pictures were taken during the simultaneous stress 

measurement. Figure 2.18 shows the stress development in the coating. Stress does not 

build up in the coating during the initial phase of the drying. However as the water 

continues evaporating, the particles are brought closer to each other and at some point 

they start touching each other and form a network. Eventually, the glossy appearance of 

the coating goes away as the liquid recedes beneath the surface and into the close packed 

particle network.  
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Figure 2.16: Images of the surface of the alumina coating with the border, captured 
from a real time video. Time points are indicated in the lower left of each image.   
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Figure 2.17: Weight-loss graph for alumina coating with a border and no drying 
front (coating thickness is 41 µµµµm). 

 

Figure 2.18: Stress evolution graph for alumina coating with a border and no drying 
front (coating thickness is 43 µµµµm) 
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Figure 2.19: Stress evolution graph for alumina coatings with a border and no 
drying front. 
 
 

The packed particle network contains water in the form of pendular rings around 

the points or areas of particle contact. The tensile stress starts increasing and goes 

through maxima. The position of the peak stress depends on the coating thickness and the 

stress peaks at earlier times in thinner coatings (Figure 2.19).  The increase in the stress 

can be attributed to the pendular ring formation. With pendular rings of water around the 

particles, surface tension and capillary forces bring the particles together (Figure 2.14). 

Again the coating is constrained in the in-plane direction of the substrate due to adhesion. 

This leads to in-plane constrained shrinkage which results in the in-plane biaxial tensile 

stress in the coating. Once the pendular rings have formed in the entire particle network, 
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the stress reaches its peak. Further drying of the coating leads to removal of the water 

from the pendular rings and the tensile stress decays to zero or close to zero value.  

The maximum stress is of the order of 0.75 MPa and it does not vary with the 

coating thickness (Figure 2.19). The presence of the border causes a small 

underestimation of the peak stress. In section 2.4.2 it has been shown that the 

underestimation is directly proportional to the amount of area that the border covers on 

the cantilever substrate, which is approximately 15 %. Therefore the maximum peak 

stress is of the order of 0.9 MPa.  

The coating dries faster in the case of lateral drying, because of the liquid is being 

pumped to the edges by capillary pressure gradients. The peak stress observed in Figure 

2.19 is almost double the value of the peak stress observed in Figure 2.15. In the case of 

lateral drying, parts of the coating closer to the edge have already gone through the stress 

peak by the time overall stress peaks. When we successfully remove the lateral drying 

front; the stress in the entire coating builds up simultaneously as oppose to the sequential 

stress build up in the lateral drying case. This sequential build up of stress in the lateral 

drying leads to the difference in the value of the peak stress. Furthermore the stress 

evolution curve (Figure 2.19) is fairly reproducible when no lateral drying is present.  

2.5 Summary 

To summarize, we have for the first time successfully measured the tensile stress 

in the particulate coating system without a lateral drying front. The lateral drying front 

affects the stress evolution in particulate coatings and creates a non uniform stress state. 

Therefore, in the case of lateral drying, measuring and interpreting the stress evolution 
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using the plate/beam deflection theory is incorrect and leads to erroneous interpretation of 

the measured stress. It also results in the underestimation of the peak stress. We have 

devised a novel technique to remove the laterally moving drying fronts by using a border 

to keep the coating edge flat and uniform. A border made of rope caulk has shown very 

good results in removing the laterally moving drying fronts. Multiple stress peaks are 

observed in the stress evolution curve in alumina coatings composed of 0.4 µm size when 

a lateral drying front is present.  Using the border we have successfully removed the 

lateral drying in the alumina coatings. We found that the stress does not develop until the 

later stages of drying. Only one stress peak is present when the border is used. The 

position of the peak stress depends on the coating thickness. The peak stress was found to 

be 0.75 MPa. The stress originates due to the pendular rings formation between the 

particles and during the subsequent drying the water from the pendular rings leaves the 

coating, which leads to decay in the stress.  
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Chapter 3 Stress Development in the Nano-composite 
Coatings 

3.1 Introduction 

Composite coatings containing ceramic particles and polymers are used in variety 

of applications such as paints [89], ink-jet print media [90-92] and optical coatings [93]. 

The microstructure and the desired properties of coatings are tuned by changing the 

relative amounts of ceramic and polymer [89].  

On one side of the spectrum we have a porous coating with high ceramic particle 

content. These coatings are prepared from dispersions of ceramic nanoparticles in a liquid 

media that are cast onto a substrate [94]. In these coatings, cracking from drying induced 

stresses is frequently a problem. The stress evolution has been studied in a number of 

particulate materials, including lead zirconate titanate [95], alumina [45, 69], silica [47, 

70] and calcium carbonate [73]. Previous work [70-73,95] on pure particulate coatings 

without any polymer have shown that such coatings exhibited a period of stress increase, 

followed by a maximum stress, and a subsequent decline to a stress-free state, which have 

been described in Chapter 2.  The stress evolution has also been studied in particulate 

materials [74, 75] with added binders.  The polymer presence results in a residual stress 

in these coatings.  Studies [70-75] on stress development in particulate ceramic coatings 

attributed the tensile stress to capillary forces in the wet coating, which reached a 

maximum when the air–liquid interface began to recede into the coating, then decayed to 
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zero or a lower residual stress when liquid drained from the pores in the coating. When 

the stress exceeded the cohesive strength of the coating, cracks formed and propagated. 

Polymer is added to prevent cracking by providing cohesive strength to the porous 

coating, but its addition also changes the microstructure by filling in the pore space. 

Polymer also affects the stress that develops. For porous coatings in particular, 

understanding the effect of polymer content on stress development, microstructure and 

mechanical properties is necessary to create crack free coatings. 

One the other side of the coating formulation spectrum we have dense coatings 

with high polymeric content and low particulate loadings. These coatings exhibit low 

hardness and low modulus. Ceramic nanoparticles are often added to increase the 

hardness and modulus in these coatings [96-98]. In general, addition of nano-particles to 

a polymer matrix results in marked improvements in Young’s modulus, which has been 

the subject of numerous publications [96-98].  

Perera [89] has summarized the effects of macro size particles on the stress 

development in polymeric coatings. The stress in polymeric coatings originates from the 

constrained shrinkage due to solidification [5, 99]. The polymeric coatings are generally 

cast as a liquid layer, which is always followed by some degree of solidification. 

Solidification may occur due to any of the following phenomena: departure of solvent 

from the solution, crystallization and vitrification, consolidation of particulates, colloidal 

flocculation and coagulation, and the chemical reaction of curing. Solidification leads to 

shrinkage of the coating. The coating can shrink freely in the thickness direction; 

however, the coating cannot shrink in the plane because it is adhered to the substrate. 
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This frustrated shrinkage in the plane of the coating leads to in plane tensile stress [5]. 

This shrinkage coupled with the evolving coating properties determines the stress 

development during processing and the final stress in the coating after the processing is 

complete. In the simplest case, stress in a coating starts to develop when the coating has 

solidified enough so that it has developed elasticity and can support a stress. Further 

shrinkage from this initial “solidified” state occurs freely in the thickness direction, but is 

constrained in the plane of the coating, which results in a strain. The in-plane stress in the 

coating at a time t, σ(t), is product of the strain at that time, ε(t) and the elastic properties 

of the coating [99]: 
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where Ec is the elastic modulus of the coating, and νc is the Poisson’s ratio of the coating. 

According to Perera [89], the simplest manner to consider the effect of particles 

on coating stress is to assume that the effect is proportional to the particle content 

incorporated in the polymer, regardless of the type of particle and polymer. With a few 

exceptions, all of the coating properties can be described as a function of pigment volume 

concentration (PVC) or pigment volume fraction (φ) since they are mainly volume 

dependent. He also used the concept of the critical pigment volume concentration 

(CPVC) introduced by Asbeck and Van Loo [100] corresponding to the “random tightest 

possible packing pigment particles and the minimum amount of polymer necessary to fill 

the interstices between particles”. In general, the stress is maximum at CPVC and for 

PVC<CPVC, the stress decreases mostly due to relaxation processes, while for 
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PVC>CPVC, the stress decreases due to relief processes such as particle/polymer 

dislocation and/or formation of micro-fissures. The effect of nano sized particles on the 

stress development in polymeric coatings has not been studied at all.  

To engineer better coatings it is important to understand the connection between 

the phase content, microstructure, stress and the properties. In the past, research was 

focused on determining the stress and mechanical properties of porous ceramic-rich 

coatings or non porous polymer-rich coatings with macro size particles.  The effect of 

nanosize particles on the stress and mechanical properties of composite coatings over the 

entire range was not investigated previously. Kim et al. [101] have investigated the 

microstructure development, drying behavior and to some extent of stress development of 

the silica nano-particle and PVA system. However they have focused mainly on 

microstructure dependency on the pH value of the colloidal dispersion. They have not 

studied the effect of lateral drying on stress development in the nano-silica/PVA coating 

systems.  The stress without the lateral drying fronts in particulate and nano-composite 

systems has never been studied in porous ceramic rich coatings. This research is focused 

on studying  the drying stress, Young’s modulus and microstructure of a nanocomposite 

paper-coating system composed of silica nanoparticles and poly vinyl alcohol (PVA) 

polymer over the entire range of ceramic polymer ratio.  
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3.2 Experimental 

3.2.1 Materials 

Cationic fumed silica dispersions (PG-022; Cabot Corporation) used in this study 

have an as received composition of 20 wt% SiO2 and 80 wt% water. The average size of 

silica particles is 20 nm within branched aggregates of 150 nm diameter. The pH of the 

silica dispersion was 3.75. The extent of hydroxylation on silica is about 3.6 hydroxyl 

groups per square nanometer. The silica dispersion is stabilized with aminopropylsilane.  

Polyvinyl alcohol (PVA) (Celvol 523; Celanese Chemicals) with a molecular weight 

range of 85,000-140,000 g/mol and degree of hydrolysis of 87.8% was used as polymer.  

Coatings dispersions were made by combining the aqueous PVA solution with 

silica dispersion and distilled water. Aqueous PVA solution (13 wt %) was made by 

heating water to 900C and then adding polyvinyl alcohol slowly while stirring. The 

solution was stirred for about 3 hours for complete dissolution. The dispersion was mixed 

with a stir bar for 24 hours. The pH of the PVA solution and water were adjusted to the 

pH of silica dispersion prior to mixing. The total solid loading of the coating dispersions 

was kept constant to 15 wt%. The weight fraction of PVA was varied from 0 to 1 on a 

solid basis for preparation of the coatings that spanned the range from all SiO2 to all 

PVA.  

3.2.2 Dispersion Characterization 

PVA adsorption isotherms were constructed for silica-poly vinyl alcohol 

dispersions using thermogravimetric analysis (TGA). The silica colloidal suspension was 
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diluted to 1g of silica in 15 ml of water solution. The pH of the dispersion was kept 

constant at 3. Varying amounts of polyvinyl alcohol (0.01 to 1g) were added to the silica 

dispersion. The samples were stirred for 24 hours to equilibrate. The samples were 

washed 5 times with water to remove the free poly vinyl alcohol and they were dried in a 

vacuum oven for 24 hours at 700C. The amount of adsorbed PVA was measured with a 

TGA using Perkin-Elmer TGA 7. Samples were ramped at 100C/ min from 300C to 

7500C under a nitrogen gas atmosphere. Based on the TGA data for pure poly vinyl 

alcohol under the same conditions, the weight loss in the range of 2000C-5000C was 

ascribed to adsorbed PVA. The value obtained from the TGA was converted to mg 

adsorbed polyvinyl alcohol per m2 ceramic particle surface area by using surface area 184 

m2/g for pure silica derived from BET experiments. 

3.2.3 Coating Preparation 

For stress measurement, microstructure and nano-indentation experiments the 

coating dispersion was coated onto 0.500 mm (±0.005 mm)-thick silicon substrates using 

a wire-wound rod # 5 with a dry coating thickness of ~ 5 µm. The coatings were dried at 

room temperature and low humidity (~3-4%) in a nitrogen environment. To promote 

good wetting, silicon substrates were etched in sulfuric acid followed by hydrogen 

peroxide. The clamped length of substrates in all cases was 45 mm (±0.5 mm), and the 

width was 7.5 mm (±0.5 mm). The flow rate of nitrogen into the drying chamber was 1 

LPM. The entire apparatus was purged for 30 min prior to coating application; therefore, 

both the coating and drying processes took place under a relative humidity-controlled 

environment.  
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Lateral drying fronts were removed by adding a border (Ace Rope Caulk 

Weatherstrip; Ace Hardware Corporation) to the edges of the silicon substrates. The rope 

caulk material was rolled into thin cylindrical ropes and stuck to the edges of silicon 

substrates manually by applying finger pressure. The coating liquid was applied using a 

needled syringe and the coating thickness was controlled by controlling the coating liquid 

volume. The final thickness of the coating was approximately 5 µm (±0.5 µm). Several 

(at least three) stress measurements were carried out to ensure reproducibility. 

A Video camera (#KP-D50; Hitachi Ltd.), was placed above the port of the 

drying/curing chamber for simultaneous video monitoring of coating optical 

characteristics during stress measurements. A monitor and VCR (#CT-S1390Y, SVHS 

AG1980; Panasonic) were used to record the video footage. Thicker coatings were 

prepared for nitrogen gas adsorption experiments in order to get sufficient materials to 

perform the measurement. Coatings were made by depositing the dispersion on a 

polyethylene terephthalate (PET) substrate using a draw down blade coater having a 

blade gap of 75 µm. The coating was dried at room temperature and was peeled off of the 

PET substrate to perform the experiment. 

3.2.4 Microstructure & Porosity 

The microstructure of the silica nano-composite coating was investigated by a 

Field Emission Gun–Scanning Electron Microscope (FEG-SEM JEOL 6500). Cross-

sections were prepared by fracturing coatings in liquid nitrogen and were coated with a 

thin platinum film of 7.5nm thickness. The TEM image of the silica dispersion was 

obtained by using the Field Emission Gun Cryo Transmission Electron Microscope (Cryo 
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FEG-TEM; FEI Tecnai G2 F30) with the help of Hanseung Lee. The Cryo SEM image of 

the silica coating was taken by using the Cold Field Emission Gun Scanning Electron 

Microscope (FEG-SEM; Hitachi S-4700) with the help of Christine Cardinal. The coating 

porosity was measured using nitrogen gas adsorption (micrometrics ASAP 2000). The 

gas sorptometer (micrometrics ASAP 2000) can obtain full adsorption and desorption 

isotherms; single point and multipoint BET surface area; Langmuir surface area; BJH 

adsorption and desorption, pore volume and area distributions by pore size and total pore 

volume. For analysis, of the nitrogen gas adsorption, the pores were assumed to be 

cylindrical. Nitrogen adsorption experiments were performed at liquid-nitrogen 

temperature (77 K), using a Micromeritics ASAP 2000 apparatus. Prior to the 

determination of an adsorption isotherm, a sample (approximately 0.25 g) was outgassed 

at 473 K for 12 h under a residual pressure lower than 10−4 mbar.  

3.2.5 Mechanical Properties 

The elastic moduli of the coatings prepared for stress measurement was 

determined by nanoindentor with a Berkovich tip. The nanoindenter was operated in the 

continuous stiffness mode (CSM) in which a small oscillation is superposed on the 

indentation load. The CSM mode allows the modulus and hardness to be continuously 

measured as a function of the indentation depth. The nano-indentation experiment was 

performed at 15 different locations on a silica coating, and they were 100 µm apart from 

each other. The final indentation depth for each experiment was kept constant at 2000 

nm.  
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3.2.6 Stress Measurement 

Stress development was monitored using a controlled environment stress 

measurement apparatus [20] based on the cantilever deflection measurement principle 

(Figure 3.1). The stress in a coating deforms the underlying substrate, resulting in a 

curvature and the stress can be determined from the cantilever deflection (d), length of 

cantilever (L), the coating thickness (tc), the substrate thickness (ts), the coating elastic 

modulus (Ec), and the coating Poisson’s ratio (νc), the substrate elastic modulus (Es), and 

the substrate Poisson’s ratio (νS) [58]: 
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Assumptions made in deriving this equation include perfect adhesion between 

coating and substrate, no plastic deformation in substrate or coating, isotropic mechanical 

properties, a uniform state of biaxial stress in the coating, and small deflections relative to 

the substrate thickness. The second term in can be ignored if the coating thickness and 

modulus is small relative to the substrate thickness and modulus [58]. In this case coating 

properties are not needed to determine the stress.  

Deflection was measured with a position sensitive photodiode (#DL-10; UDT 

Sensors, Inc., Hawthorne, CA), a small HeNe laser and various intermediary optics. The 

final coating thickness was used in the calculation of stress and measured with a 

micrometer (#543-253B, #7004; Mitutoyo Corp., Naucalpan, Estado de Mexico). It 

should be noted that only an average coating stress can be determined with this method; 

stress distributions throughout the coating thickness or in the plane of the substrate 
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Figure 3.1: Stress measurement technique
measurement principle 

3.3 Results and Discussion

3.3.1 Dispersion Characterization

Adsorption isotherms were constructed for silica/poly vinyl alcohol dispersion 

using thermogravimetric analysis (TGA). The hydroxyl group (

strong attraction onto a surface Al

adsorption isotherm for PVA on the surface of silica is shown in Figure 3.2. Initial 

addition of PVA adsorbs completely on the silica surface. The amount of PVA adsorbed 

on the surface increases only gradually with increasing overall polymer concentrat

beyond concentrations of about 20 mg/ml. PVA concentrations higher than this value 

adds to the non-adsorbed PVA in the coating suspension. As the particle surface becomes 

62 

cannot be measured. Therefore, thinner coatings were used in this study to minimize the 

gradients in composition and stress through the thickness. Note that the coating thickness 

used in Equation 3.2 is the average thickness of the dried film, which leads to an 

overestimation of the drying stress initially, but has little effect on the final drying stress 

: Stress measurement technique based on the cantilever deflection 
measurement principle  
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adsorbed PVA in the coating suspension. As the particle surface becomes 
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saturated with polymer, the adsorption levels out and excess polymer remain in the 

suspension.  PVA adsorbs on the silica surfaces up to about 35 mg/m2 of silica. This 

value is equivalent to 5 wt % PVA. 

 

Figure 3.2: The adsorption isotherm for PVA on the surface of silica.  



 

 

3.3.2 Microstructure

Figure 3.3: Cryo TEM micrograph of nano
wt% solid content (courtesy Hanseung Lee)
 

The Cryo TEM micrograph 

particles dispersed in water is shown in Figure 3.3. 

with the micrographs for other silica dispersions displayed at the manufacturer (Cabot 

Corporation) website. The primary silica nano

they form aggregates of varying sizes and shapes. Each silica aggregate contains several 

silica nano-particles and the aggregates are uniformly dispersed in water. The aggregation 

of silica nano-particles in such manner is responsible for the

micrographs of the dried silica
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Microstructure  

: Cryo TEM micrograph of nano-silica particles dispersed in water with 1 
(courtesy Hanseung Lee). 

The Cryo TEM micrograph (courtesy Hanseung Lee) of the 1 wt% sil

particles dispersed in water is shown in Figure 3.3. The TEM micrograph is consistent 

with the micrographs for other silica dispersions displayed at the manufacturer (Cabot 

The primary silica nano-particles are less than 20 n

they form aggregates of varying sizes and shapes. Each silica aggregate contains several 

particles and the aggregates are uniformly dispersed in water. The aggregation 

particles in such manner is responsible for the crumbly texture seen in the 

micrographs of the dried silica-PVA composite coatings.  Furthermore the silica 

 

silica particles dispersed in water with 1 

of the 1 wt% silica nano-

The TEM micrograph is consistent 

with the micrographs for other silica dispersions displayed at the manufacturer (Cabot 

particles are less than 20 nm in size and 

they form aggregates of varying sizes and shapes. Each silica aggregate contains several 

particles and the aggregates are uniformly dispersed in water. The aggregation 

crumbly texture seen in the 

Furthermore the silica 
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aggregate with varying shapes do not fit very well with each other once fully dried, which 

results in making the silica coating highly porous. SEM micrograph of the full cross 

section of a dried silica nanocomposite coating with 30% PVA is shown in Figure 3.4. 

The size and density distribution of the particle aggregates and polymer is homogeneous -

across the length and the thickness of the coating. The SEM micrographs (Figure 3.5, 

Figure 3.6 & Figure 3.7) of the coating with 40, 60 and 80 wt% PVA indicate that if we 

increase the amount of polymer in the coating then the particles aggregates are packed in 

the polymer matrix. The primary silica particles (< 20 nm) form aggregates with sizes 

varying from 50 to 100 nm.  A crumbly texture is visible with the length scale that 

matches with the size of the aggregate.  The coating microstructure indicates a range of 

porosity with small pore sizes resulting from primary silica particle aggregation and 

larger pore sizes as a result of distribution of these aggregates in the PVA network. 

  

Figure 3.4: SEM micrograph of the cross section of a dried silica nanocomposite 
coating with 30% PVA. 
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Figure 3.5: SEM micrograph of the cross section of a dried silica nanocomposite 
coating with 40% PVA. 

 
 
Figure 3.6: SEM micrograph of the cross section of a dried silica nanocomposite 
coating with 60% PVA. 
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 Figure 3.7: SEM micrograph of the cross section of a dried silica nanocomposite 
coating with 80% PVA. 
 

Figures 3.8-3.11 show various coatings surface images. Surface images of these 

coatings more clearly show the differences between low content PVA coatings and high 

content PVA coatings. The silica particles are uniformly distributed in the visible PVA 

matrix in high content PVA coatings; on the other hand, in the low PVA content coatings 

the PVA appeared to be finely distributed in the particle network. It can be seen that the 

coatings at lower polymer contents are highly porous and as the polymer content 

increases, the coatings become denser. However, the porosity cannot be quantified just by 

looking at the SEM micrograph. Therefore, porosity measurements were taken using 

BET measurements to quantify the effect of PVA on the porosity.  
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Figure 3.8: SEM micrograph of the surface of a dried silica nanocomposite coating 
with 30% PVA. 

 
 
Figure 3.9: SEM micrograph of the surface of a dried silica nanocomposite coating 
with 40% PVA. 
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Figure 3.10: SEM micrograph of the surface of a dried silica nanocomposite coating 
with 60% PVA. 

 

Figure 3.11: SEM micrograph of the surface of a dried silica nanocomposite coating 
with 80% PVA. 
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3.3.3 Porosity Measurement: Effect of PVA 

The porosity decrease from PVA addition indicated by the SEM observations was 

quantified by nitrogen gas adsorption measurements. Nitrogen gas adsorption isotherms 

were analyzed by means of the BET and B.J.H. approach to calculate the surface area and 

the total pore volume, respectively.  According to the B.J.H. method, the total volume of 

the pores below 150 nm (in radius), is evaluated from the uptake at a relative pressure 

P/Po of 0.98 by converting the adsorbed amount of nitrogen by the sample into liquid 

nitrogen volume. The measured pore volume was converted to a volume percent porosity 

based on the density of amorphous silica (~ 2.2 g/cc) and condensed PVA (~ 1.27g/cc). 

The pore volume, pore diameter and the surface areas for silica coatings are summarized 

in Table 3.1. 

Table 3.1: Surface area, total pore volume, porosity and the most probable pore size 
of the porous silica PVA coatings.  
 
 
Specimen: Polymer 

(wt%) in Silica 
Surface Area 

(m
2
/g) 

Total Pore 

Volume (cm
3
/g) 

Porosity (%) Most probable Pore 

Size (nm) 
0 184.23±5.06 0.93±0.12 0.67±0.08 20.19±2.61 

10 128.34±3.55 0.78±0.10 0.61±0.08 24.35±3.17 

20 95.64±2.59 0.69±0.10 0.56±0.07 28.79±3.32 

30 67.92±1.91 0.34±0.06 0.39±0.04 20.16±2.53 

40 46.36±1.4 0.19±0.03 0.24±0.03 16.09±2.15 

50 0.54±0.2 0 0 0 
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As seen in the SEM images, the silica nanoparticles were randomly packed, with 

porosity arising from the voids between the particles. The porosity measured by nitrogen 

adsorption was 67 vol% in the dried silica coatings without any polymer. For 

comparison, close packed spheres have 26 % free volume, randomly packed spheres have 

36 %, and simple cubic packed spheres have a free volume of 48 %. Figure 3.12 shows 

the decrease in the percent porosity with increasing PVA content. The porosity dropped 

as PVA was added. From the adsorption isotherm it is also clear that the initial amount of 

PVA does not fill the pore space, but rather it adsorbs on the surface of the silica particle. 

It is evident that the silica volume fraction remains almost constant during the polymer 

addition, which confirms that polymer goes into the pores up until a volume fraction of 

63 vol % polymer, when all of the pores are filled. This is less than the pure silica coating 

porosity (~67 vol %), suggesting that the PVA addition resulted in a more closely packed 

structure.    



 

 

Figure 3.12: The measured porosity of silica nano
addition of PVA.     

3.3.4 Mechanical Properties C

Nanoindentation experiments were performed on silica nano

silicon substrates using a 

was operated in the continuous stiffness mode (CSM) in which a small oscillation is 

superposed on the indentation load. The CSM mode allows the modulus and hardness to 

be continuously measured as a function of the indentation depth. The indentation 

modulus was estimated by taking the value at an indentation depth of 100

is less than 10% of the film thickness
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: The measured porosity of silica nano-composite coatings with the 

3.3.4 Mechanical Properties Characterization  

Nanoindentation experiments were performed on silica nano-composite films on 

substrates using a MTS Nanoindenter XP with a Berkovich tip. The nanoindenter 

was operated in the continuous stiffness mode (CSM) in which a small oscillation is 

d on the indentation load. The CSM mode allows the modulus and hardness to 

be continuously measured as a function of the indentation depth. The indentation 

estimated by taking the value at an indentation depth of 100

0% of the film thickness. Consequently, substrate and densification effects 

 

composite coatings with the 

composite films on 

Nanoindenter XP with a Berkovich tip. The nanoindenter 

was operated in the continuous stiffness mode (CSM) in which a small oscillation is 

d on the indentation load. The CSM mode allows the modulus and hardness to 

be continuously measured as a function of the indentation depth. The indentation 

estimated by taking the value at an indentation depth of 100-200 nm which 

and densification effects 
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can be ignored. The elastic modulus of silica nano-composite coatings was measured as a 

function of volume fraction poly vinyl alcohol (Figure 3.13). The elastic modulus 

increases for low polymer coating, as polymer fills up the pores between silica 

nanoparticles. The coating modulus drops off when the poly vinyl alcohol loading 

exceeds 60 vol%. Once all of the pores are filled, the elastic modulus decreases because 

hard and stiff silica nanoparticles are being replaced by the relatively soft polymer PVA 

molecules.  

The elastic modulus of porous silica nano-composite coatings is affected by both 

the porosity of the composites and the fraction of silica particles incorporated in the 

polymer matrix [96-98, 102]. In dense composites, experimental and modeling [103-108] 

studies show that the addition of low modulus polymer to a high modulus glass or 

ceramic decreases its modulus. In porous composites, however, pore structure and 

content are also changing with the addition of polymer. To understand the modulus trend 

it is important to account for the effects of polymer and porosity.  

One approach is to start with a model that accounts for the effect of porosity on 

the elastic modulus of a highly porous material. Equation 3.3 has been derived semi-

empirically by Phani and Niyogi and it is capable of treating both closed pores and 

interconnected pores [109]. 

 
n

oE = E  (1 - aP)   3.3  

where Eo is the modulus of the solid phase (without pores), P is the pore fraction and a, n 

are positive constants that depend on the microstructure. The theoretically predicted value 

of n for open cell foams is 2[106].  
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For the silica nano-composite coatings, Eo depends on the amount of polymer 

incorporated into the silica matrix [102]. Using a model developed by Paul [108] the 

modulus of a dense composite, Eo in the context of this article, is: 

 

2/3
p

o p 2/3
p p

1+(m-1)V
E  = E   

1+(m-1)(V V )

 
 −  

 3.4  

where EP is the modulus of the silica (70GPa) [96], m is the ratio of the modulus of the 

silica to that of the polyvinyl alcohol (in this case m = 42.7) and Vp is the volume fraction 

of silica incorporated into the PVA matrix. When the experimental data for porosity P of 

porous silica coatings is inserted into Eq (3.4) along with the reported modulus of the 

dense composite coating (Eo), the predicted elastic modulus shows the same trend as the 

experimentally measured modulus, which validates the model (Figure 3.13). 

The model also predicts that the modulus should decrease with small amounts of 

polymer addition (<15 Vol %). The initial addition of polymer does not decrease the pore 

volume appreciably since up to 5 wt% of the polymer absorbs at the silica surface. 

Therefore, the gain in the modulus due to the pore reduction is smaller than the loss of 

modulus due to the increasing ratio of soft polymer to hard silica. Further addition of 

polymer leads to an increase in the modulus because the pore reduction effect is larger. 

These calculations coupled with the experimental measurements provide an 

understanding of the complex mechanical behavior of porous composites.  
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Figure 3.13: The predicted and measured modulus of silica/PVA coating system 
with increasing amount of PVA in silica.   

3.3.5 Stress Measurement  

Stress development was monitored using a controlled environment stress 

measurement apparatus [20] based on the cantilever deflection measurement principle.  

As the coating dries, the tensile stress builds up and manifests itself in the form of a 

substrate defection. The low polymer silica coatings (PVA < 75wt %) do not dry 

homogeneously and a lateral drying front is present during the drying. In the initial stages 

of drying the coating starts drying at the edges first.   This is because the coating is 

thinner at the edges and the drying rate is faster at the edges (Figure 3.14). The presence 
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of lateral drying was further confirmed by cryo-SEM images (courtesy Christine 

Cardinal) taken on an identical specimen (Figure 3.15). A particle network forms at the 

edges. Capillary forces due to liquid receding in this network causes liquid from center of 

the coatings to start flowing towards the edges as described in Chapter 2 and various 

publications [70-75, 110-111].  A drying front begins to move in from the edges of the 

substrate towards the center.  

The presence of this lateral drying front causes nonuniform shrinkage across the 

coating dimensions; resulting in a non-uniform stress distribution across the coating 

dimensions. Stress measurements based upon the cantilever deflection principle assume 

that the stress is uniform through the coating dimensions. This assumption is no longer 

valid when a lateral drying front is present. Therefore it is erroneous to compare the real 

time stress evolution curves to each other due to the presence of non-uniform stress 

resulting from the lateral drying.  
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Figure 3.14: Top view of the drying silica coating with 30 wt % PVA (4 minutes into 
the drying process).  A lateral drying front is visible. The image was taken during 
the simultaneous stress measurement.  
 

 

Figure 3.15: Cryo-SEM image of the cross section of the drying silica coating with 
30 wt % PVA with a lateral drying front (4 minutes into the drying process).  
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Figure 3.16: Top view of the drying coating (4 minutes into the drying process) with 
30 wt % PVA and a border. The coating does not show the presence of a lateral 
drying front. The image was taken during the simultaneous stress measurement.  
 

   Using the border technique described in Chapter 2 we have measured the stress 

in the silica nano-composite coatings.  The coating with the border does not show any 

lateral drying front (Figure 3.16). The stress evolution curve for a silica coating with 30 

wt % PVA is shown in Figure 3.17 for both cases. The coating with lateral drying front 

dries faster in comparison to the coating without a lateral drying front (with the border). 

Therefore, the stress also develops faster in the coating which dries with a lateral drying 

front. The stress starts increasing as the coating dries and at some point the stress reaches 

a plateau. This is the final stress in the coating also known as the residual stress. The final 

stress of the coating does not relax back to the zero value as this was the case of a pure 

alumina coating described in the chapter 2.  It is also interesting that the final residual 

stress of the coating is unaffected by the presence of a lateral drying front.  



 

 

Figure 3.17: Stress development during the drying of a silica coating containing 30 
wt% PVA (with a border and without the border).   

 

The tensile stress in the nano

shrinkage. There are two reasons for this constrained shrinkage. As the silica 

nanocomposite coating dries, a silica nanoparticle network forms and the pore spaces are 

filled with air except for pendular rin

forces acting on the particles due to presence of the pendular ring are shown in Figure 

2.14. The capillary pressure exerted by pendular rings 

coating. However, the coating is att

leads to in plane tensile stress.
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: Stress development during the drying of a silica coating containing 30 
wt% PVA (with a border and without the border).    

The tensile stress in the nano-composite coating originates from the constrained 

shrinkage. There are two reasons for this constrained shrinkage. As the silica 

nanocomposite coating dries, a silica nanoparticle network forms and the pore spaces are 

filled with air except for pendular rings of liquid between the nanoparticles [

forces acting on the particles due to presence of the pendular ring are shown in Figure 

The capillary pressure exerted by pendular rings causes the shrinkage of the 

coating is attached to the substrate; this constrained shrinkage 

leads to in plane tensile stress. The second component of the constrained shrinkage arises 

: Stress development during the drying of a silica coating containing 30 

omposite coating originates from the constrained 

shrinkage. There are two reasons for this constrained shrinkage. As the silica 

nanocomposite coating dries, a silica nanoparticle network forms and the pore spaces are 

gs of liquid between the nanoparticles [88]. The 

forces acting on the particles due to presence of the pendular ring are shown in Figure 

causes the shrinkage of the 

ached to the substrate; this constrained shrinkage 

The second component of the constrained shrinkage arises 
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from the fact that the coating dispersion is a mixture of water, silica particles and polymer 

polyvinyl alcohol, which goes through a glass transition when solvent is removed. Any 

solvent loss after the glass transition temperature will result in shrinkage, which will 

impose a tensile stress in the coating [5]. Once the coating is fully dried, pendular rings 

disappear. However, the polymer presence leads to bonding between particles, which 

prevents stress relaxation and a residual stress remains in the coating. 

It is to be noted that the final residual stress of the coating is unaffected by the 

presence of a lateral drying front. Therefore, the final stress can be compared for the 

silica coating system with varying amounts of PVA. The stresses in various silica 

nanocomposite coatings were measured. All of the coatings were dried at room 

temperature and low humidity (2-3 %RH). All of the coatings reported here were 3-4 µm 

in dry thickness. Final residual stress vs. PVA content is plotted in Figure 3.18. We found 

that the stress goes through maxima with the addition of PVA.  The highest residual 

stress was found to be ~ 110 MPa. Initial addition of polymer results in the increase in the 

final stress. At some point, stress reaches a maxima and further increase in the polymer to 

ceramic particles ratio decreases the final stress. Coatings with lower polymer content (0- 

10 wt %) cracked. The theory behind the stress measurement techniques assumes perfect 

adhesion between the coating and the substrate and does not account for the effect of any 

defect formation (e.g. cracking or delamination). Therefore, the deflection measurements 

from these coatings were not used to evaluate the residual stress. Also cracking and 

delamination relieves the stress and therefore the measured stress will always be less than 

expected.  
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Figure 3.18: The final stress and modulus in the silica nano-composite coating 
system with varying amount of PVA.   

 

From Figure 3.18, we can see that the modulus peaks at 50 wt % (~60 vol %) 

PVA, however the final stress continues increasing beyond this point. Perera [89] in his 

review article concluded that the stress in polymeric coatings with macro sized particles 

peaks at a critical pigment volume concentration (CPVC). CPVC is the particle 

concentration corresponding to the random tightest possible packing pigment particles 

and the minimum amount of polymer necessary to fill the interstices between particles.  

The CPVC has the value of 50 wt% PVA in the silica nanocomposite coating and at this 

concentration all of the pores are filled with polymer. The modulus also peaks at this 
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value, however the stress peaks at a later value. There could be two possible explanations 

for the differences in the stress and the modulus peaks. Firstly, the modulus was 

measured using the nano-indentation technique. The NanoIndenter performs indentation 

tests by driving a diamond indenter into the specimen surface and dynamically collecting 

the applied force and displacement data.  Material properties are derived from the load 

and depth data. During the indentation tests, as the diamond indenter drives into the 

coating surface, the silica particles in the silica PVA coating are put under compression 

and therefore the silica particles carries bulk of the load. Therefore the measured modulus 

from the indentation techniques is higher when the more silica particles are present in the 

coating. This could explain the fact that the modulus peaks at lower PVA value as the 

nano-indentation overestimates the modulus due to the presence of more silica particles 

in low PVA coating.  Secondly, the final stress in the coating depends not only on 

modulus but also on the amount of constrained in plane shrinkage from solvent loss. The 

stress peaks at the higher PVA coating because the in plane shrinkage from the solvent 

loss is larger for higher PVA coating.  

3.4 Summary  

In this research the effect of polyvinyl alcohol (PVA) polymer content on the 

stress, elastic modulus, hardness and microstructure of silica nanocomposite coatings was 

investigated. Coating stress, mechanical properties and microstructure vary considerably 

with the PVA content. Nanocomposite coatings were fabricated from suspension of poly 

vinyl alcohol (PVA) polymer (molecular weight range of 85,000-140,000 and degree of 

hydrolysis of 87.8%) and nano sized silicon dioxide particles (20 nm primary particle 
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diameters within branched aggregates of 150 nm diameter). The suspensions were 

deposited as coatings onto silicon substrates and dried at room temperature and nitrogen 

gas flow of ~ 3L/min.  

PVA adsorption isotherms reveal that 35 mg/m2 (~ up to 5 wt %) of polymer 

adsorbs at the surface of the silica particles.  The coating microstructure was 

characterized by imaging the dried samples using scanning electron microscopy (SEM). 

Porosity measurements using nitrogen gas adsorption reveal that all the pores of the 

coatings were filled at 50wt% PVA content. The mechanical properties of silica 

nanocomposite coatings of varying composition were studied by the nanoindentation, 

which suggest that the modulus goes through maxima at 50wt% PVA, by increasing the 

amount of PVA in the coating.  

A lateral drying front was observed for low PVA content coatings. However the 

lateral drying front disappears for silica coatings with high PVA content (>72 wt%). The 

border technique developed earlier and described in detail in Chapter 2 was used to 

remove the lateral drying fronts in the coatings. Stress development studies were 

conducted in a controlled environment stress measurement device based on cantilever 

deflection principle. It was shown that the lateral drying front did not influence the 

amount of the final residual stress. The final stress was measured in the silica coating 

with the varying amount of PVA. The final stress goes through maxima by increasing the 

amount of PVA in the silica nano-composite coating. The maxima in elastic modulus 

occur at the PVA content that just fills the pores which corresponds to the critical 

pigment volume concentration for nano-silica-PVA composite coatings. However, the 
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stress maxima occurred at a higher PVA concentration.  These parallel trends arise 

because stress is approximately the product of elastic modulus and the strain due to 

constrained shrinkage.  
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Chapter 4  Stress Development in Automotive Refinish 
Clearcoats 

4.1 Introduction 

Global environmental regulations have resulted in an increased demand for 

automotive refinish coatings that have low concentrations of volatile organic compounds 

(VOC). For example the European Union has mandated that automotive refinish 

clearcoats would need to be formulated at  < 420 g/l [112]. Some approaches for 

achieving low VOC include: (i) increasing the solids loading in a solvent-based system 

[113] (ii) using UV curable formulations [3], (iii) replacing solvent with water [114] and 

(iv) using  powder coatings [115].  For low VOC clearcoats, high solids and UV curable 

formulations are most commonly investigated.  One of the challenges in tailoring these 

new low VOC systems is achieving performance and properties comparable to 

conventional coating systems. 

Many automotive refinish clearcoats are two package (2K) polyurethane reactive 

systems [116].  Formulations based on higher molecular weight resins require significant 

solvent content to achieve the desired application viscosity. Low VOC 2K systems 

achieve higher solids by replacing high molecular weight resins with lower molecular 

weight functionalized oligomers that require less solvent to reach a viscosity suitable for 

application [113]. These coatings, however, have poor sag resistance and take longer to 

achieve surface properties associated with becoming “dry-to-touch” or “tack-free”. One 
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approach to overcoming these disadvantages is to further redesign the polymer resin 

[117].  Another is to engineer an additive that improves performance.   

Cellulose esters are commonly used in a broad base of conventional solvent borne 

coating formulations [118]. Some of key functional attributes provided by cellulose esters 

in coating formulations include anti-sag, flow and leveling, dry-to-touch time and 

improved flake orientation [119, 120]. However these additives have not been used in 

modern reduced VOC, high solids coating systems because they require solvent for their 

use.  Therefore, a new cellulose-based performance additive was developed that requires 

less solvent for incorporation into high solid systems. This paper investigates the impact 

of this new cellulose ester additive, SolusTM 2100 Performance Additive, in a 2K VOC 

compliant automotive refinish clearcoat formulation. This additive is based on one of the 

most abundant naturally occurring biopolymers – cellulose. This polysaccharide 

represents a readily available, sustainable feedstock alternative to petroleum-based 

materials. It is made through the selective derivatization of the free hydroxyl groups in 

cellulose (Figure 4.1). The cellulose esters used in this study are comparatively lower in 

molecular weight to the existing commercial grades of the cellulose esters. The hydroxyl 

content of the material is about 1.5%. 



 

 

Figure 4.1: Schematic illustration of preparing Solus 2100 from cellulose
 

In typical 2K polyurethane coating systems, the two components, polyester or 

acrylic polyol and polyisocynate crosslinker are each dissolved in solvents

then deposited [116].  The

 

After deposition, drying and curing proceed, but the relative rates of these two processes 

are expected to vary from systems to systems.  The near surface structure development 

that is critical to achieving 

viscosity of the coating and its glass transition temperature increase as solvent departs 

and the reaction proceeds.  As soon as the coating develops elasticity, stress will 

accumulate as well because both drying and curing result in shrinkage that is constrained 
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chematic illustration of preparing Solus 2100 from cellulose

In typical 2K polyurethane coating systems, the two components, polyester or 

acrylic polyol and polyisocynate crosslinker are each dissolved in solvents

].  The following reaction forms polyurethane: 

After deposition, drying and curing proceed, but the relative rates of these two processes 

are expected to vary from systems to systems.  The near surface structure development 

that is critical to achieving dry-to-touch status is affected by both processes

viscosity of the coating and its glass transition temperature increase as solvent departs 

and the reaction proceeds.  As soon as the coating develops elasticity, stress will 

because both drying and curing result in shrinkage that is constrained 

 

chematic illustration of preparing Solus 2100 from cellulose. 

In typical 2K polyurethane coating systems, the two components, polyester or 

acrylic polyol and polyisocynate crosslinker are each dissolved in solvents, combined and 

 

(4.1) 

After deposition, drying and curing proceed, but the relative rates of these two processes 

are expected to vary from systems to systems.  The near surface structure development 

touch status is affected by both processes [121]; the 

viscosity of the coating and its glass transition temperature increase as solvent departs 

and the reaction proceeds.  As soon as the coating develops elasticity, stress will 

because both drying and curing result in shrinkage that is constrained 
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due to adherence to the substrate [5]. Stress development studies have proven useful in 

understanding structure development in coatings.  Knowledge of coating stress and how 

it is affected by processing variables is vital to preventing the formation of defects, such 

as cracks and wrinkles. There has been very little research on stress development in 

automotive clear coats [122]; the present research will help add to the understanding of 

these materials.   

In this research, a suite of experimental techniques is used to study the structure 

development in 2K low VOC coatings that are formulated with and without a cellulose 

additive.  Preliminary studies showed that this additive has potential advantages such as 

reduced ‘tack-free’ time, improved flow and leveling and superior anti-sag behavior 

[120].  Stress development during the initial stages of drying and curing was monitored 

using a cantilever beam-based stress measurement apparatus [20] and in separate 

experiments on nearly identical coatings, the weight-loss and extent of cross-linking was 

characterized with time.  In addition, the increase in viscosity was monitored by an in-situ 

rheometer [119]. 

4.2 Experimental 

4.2.1 Materials  

 All materials in this study were used as-received.  Macrynal
®
 SM 515 and Setal

® 

1901 are low molecular weight acrylic resins supplied by Cytec Industries and Nuplex 

Resins respectively.  Tolonate
® 

HDT-LV is 1,6 hexamethylene diisocyanate trimer 

manufactured by Rhodia.  Methyl ethyl ketone (MEK), n-butyl acetate (n BuAc),   
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methyl n-amyl ketone (MAK) and ethylene glycol monobutylether acetate (EBAc) were 

acquired from Aldrich. Other additives included: dibutyl tin dilaurate (DBTDL) catalyst 

supplied by Air Products and Chemicals, Inc., Irganox® stabilizer supplied by Ciba 

Specialty Chemicals Corporation, and Byk®-331 flow additive supplied by Altana 

Group. Solus™ 2100 Performance Additive was supplied by Eastman Chemical 

Company. This additive is a dry, free flowing powder that is soluble in a wide range of 

solvents. The hydroxyl content for the additive is about 1.5 % and the glass transition 

temperature is between 70 and 80°C. 

Two commercial 2K systems were also tested for comparison:  one is not low 

VOC compliant (NC - COMMERCIAL) and the other is low VOC compliant (C - 

COMMERCIAL).   

4.2.2 Refinish Clearcoat Formulations  

Table 4.1 shows the formulations of the VOC compliant control (C - CONTROL) 

and the VOC compliant system with the additive (C - W/ADDITIVE).  For these 

systems, a solvent blend of 45 wt% n BuAc, 35% MAK, 15% MEK and 5% EBAc was 

used.  The resins also contain solvent, resulting in a 42 wt% and 40 wt% total solvent 

content for the C-CONTROL and the C-W/ADDITIVE, respectively.  The [OH]:[NCO] 

ratio in these systems was 1:1.1. 

Two component (2K) clearcoats were prepared by combining a solution of low 

molecular weight acrylic polyols and additives, and a solution of isocyanate crosslinker.  

The individual components were mixed on a roller for 30 minutes before combining 

them. Then the 2K combination was mixed on a roller for 10 minutes.  The commercial 
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systems were also received as two parts. The commercial systems, also provided in two 

parts, were mixed in the same way. The non-volatile content of the compliant systems 

was close to 60 wt% while that of the commercial non-compliant formulation was about 

44 wt%. 

 

Table 4.1: Model VOC compliant refinish clearcoat formulations  
 
 

COMPONENT  C - CONTROL  C - W/ADDITIVE 

Macrynal® SM 515 Acrylic Resin  36.5  32.7  

Setal® 1901 Acrylic Resin  19.1  15.3  

Solus 2100 Additive  0  7.6  

DBTDL Tin Catalyst  0.4  0.4  

Irganox Stabilizer  0.8  0.8  

Byk-331 Flow Additive  0.8  0.8  

Tolonate® HDT-LV Crosslinker  16.3  16.3  

Solvent Blend **  26.0  26.0  

Total:  100.0  100.0  

* Composition given in wt %   

**45% n BuAc / 35% MAK / 15% MEK / 5% EBAc  
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4.2.3 Characterization Methods 

For stress measurement and drying studies, the coating solution was coated onto a 

steel substrate using a draw down blade coater with a fixed blade gap of 100 µm.  The 

coatings were dried and cured at room temperature and in open air conditions.  For all 

stress development and drying experiments, the final coating thicknesses were in the 

range of 40 - 70 µm.   

Stress measurement experiments were carried out using a cantilever beam 

apparatus; procedures described in detail elsewhere [20].  Briefly, coatings were 

deposited onto 0.200 mm (±0.005 mm) thick, 6 mm (±0.5 mm) wide steel substrates that 

were clamped at one end.  The clamped length of substrates was 45 mm (±0.5 mm). The 

deflection of the free end of the cantilever, d, was monitored using a laser beam and 

position sensitive photodiode.  By appropriate choice of substrate stiffness and coating 

thickness, the in-plane stress in the coating, σ, can be calculated from the following 

expression [58]: 

 
3

23 ( )(1 )
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c s c s

E t d

t L t t
σ

ν
=

+ −
 (4.2) 

where L is the length of cantilever, tc is the coating thickness, ts is the substrate thickness, 

Es is the substrate elastic modulus, and νS is the substrate Poisson’s ratio. Assumptions 

made in deriving this equation include adhesion between coating and substrate, no plastic 

deformation in substrate or coating, isotropic mechanical properties, a uniform state of 

biaxial stress in the coating, and small deflections relative to the substrate thickness. Note 

that the coating thickness used in Eq. 2 is the average thickness of the dried coating, an 
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approximation that leads to an overestimation of the stress at short times, but has no 

effect on the final stress values. The deflection due to weight loss of the coating mixture 

was found to be negligible compared to the overall deflection due to stress development. 

The stress measurement data were reproduced two to three times for each coating with 

the same thickness and under the same drying conditions. Representative data will be 

shown. 

The weight loss data were collected using an analytical balance (AG 245; Mettler 

Toledo Inc., Columbus, Ohio) fitted with a data transfer unit.  The coating solution was 

coated onto a steel substrate in the stress measurement apparatus, as described above.  

After blade coating, the specimen was transferred within one minute to the analytical 

balance; data were collected under the same conditions as stress and curing 

measurements.  Experiments were repeated two times for each clearcoat, keeping the 

thicknesses similar and the drying conditions the same.  Representative data will be 

shown. 

The curing studies were performed using the Nicolet Series II Magna-IR System 

750 FTIR.  For these studies, the clearcoat solution was prepared as described previously; 

a thin layer of clearcoat was applied on the polished KBr salt substrates and the excess 

coating liquid was removed using a glass slide. As the coatings were curing, data were 

collected in transmission mode. The traces were collected every five minutes. The 

spectrometer was continuously purged with a dry air supply. Each spectrum was 

collected at a 4 cm-1 resolution.  For each time point, thirty-two scans were taken and 
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added together to obtain the spectrum and a background scan of the empty cell was 

subtracted from this spectrum.  

The coating rheology technique is described in more details by Bhattacharya et. al 

[119].   A T-bar (width of 0.28 mm and length of 15mm) was used in a shallow circular 

trough (depth of 0.2 mm) in the rheometer. The trough was filled with the coating liquid 

(0.2 ml) using 1 ml tuberculin syringe (Monoject; Sherwood Medical).  The edge of a 

glass slide was used to smooth the surface of the liquid inside the trough after the transfer 

and the probe was immersed in the liquid. The gap between the lower part of the T bar 

and the bottom of the trough was 0.05 mm. A dynamic time sweep at 100% strain and 25 

rad/s frequency was used on AR-2000 (TA Instruments).  The tests were repeated several 

times for each coating system.  Trends were reproducible and representative data will be 

shown.   

4.3 Results and Discussion 

4.3.1 Drying and Curing 

Figure 4.2 shows the weight loss data for all four clearcoats. This data was 

gathered from specimens coated in the stress measurement apparatus and then transferred 

to the analytical balance and hence the first minute of weight loss was not recorded.  The 

coatings lose weight at a fairly constant rate in the first two to three minutes of drying.  

After this time, the rate of weight loss slows considerably.  Based on the formulations 

and projected solvent loss during the specimen transfer, there is 5-10 wt% solvent 

remaining in the C-CONTROL and the C-W/ADDITIVE coatings after the initial drying 



 

 

periods (15 minutes).  Comparing trends in several data sets, the C

lose slightly less weight in this initial time period compared with the loss from the C

W/ADDITIVE coatings.  The reason for this difference is not known.  The NC

COMMERCIAL coating has a higher solvent content and should lose more weight than 

the low VOC compliant coatings.  However, the weight loss is approximately the same as 

the other coatings.  Apparently, these coatings contain significantly more trapped solvent 

at the end of the weight loss experiment.

Figure 4.2: Weight loss data for various clearcoats dried at room temperature.  The 
final coating thicknesses were C
NC-COMMERCIAL (45 
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periods (15 minutes).  Comparing trends in several data sets, the C-CONTROL coatings 

lose slightly less weight in this initial time period compared with the loss from the C

DDITIVE coatings.  The reason for this difference is not known.  The NC

COMMERCIAL coating has a higher solvent content and should lose more weight than 

the low VOC compliant coatings.  However, the weight loss is approximately the same as 

gs.  Apparently, these coatings contain significantly more trapped solvent 

at the end of the weight loss experiment. 

Weight loss data for various clearcoats dried at room temperature.  The 
coating thicknesses were C-CONTROL (43 µµµµm), C-W/ADDITIVE (52 

COMMERCIAL (45 µµµµm) and C-COMMERCIAL (66 µµµµm). 

CONTROL coatings 

lose slightly less weight in this initial time period compared with the loss from the C-

DDITIVE coatings.  The reason for this difference is not known.  The NC-

COMMERCIAL coating has a higher solvent content and should lose more weight than 

the low VOC compliant coatings.  However, the weight loss is approximately the same as 

gs.  Apparently, these coatings contain significantly more trapped solvent 

 

Weight loss data for various clearcoats dried at room temperature.  The 
W/ADDITIVE (52 µµµµm), 
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The extent of cure was monitored using FTIR on coatings prepared with similar 

thicknesses as those used for drying and stress development studies.  Figures 4.3 and 4.4 

show example spectra for C-CONTROL and NC-COMMERCIAL coatings recorded at 

three time points (5 min, 1 hr and 24 hr), respectively.  The crosslinking reaction (Eq. 

4.1) involves the reaction of -NCO groups with the alcohol group from the acrylic polyol 

to form urethane linkages.  As the curing proceeds, the peaks due to various functional 

groups change as their concentrations change.  The peaks from the -NCO group (2273 

cm-1) and the O-H stretching peak from the acrylic polyol (3532 cm-1) decrease, as these 

groups are consumed in the reaction.  The peaks due to urethane linkages, which include 

N— H stretching and deformation bands at 3395 and 1525 cm-1, respectively, increase.  

FTIR band assignments were based on data found in the literature [123].  Qualitatively, 

Figures 4.3 and 4.4 reveal that the NC-COMMERCIAL coating forms urethane linkages 

sooner than the C-CONTROL.  

 



 

 

Figure 4.3 : FTIR spectra of VOC compliant clearcoat C
thickness~ 4 µµµµm). 
 

Figure 4.4: FTIR spectra of commercial VOC non compliant clearcoat NC
COMMERCIAL (final coating thickness~ 5 
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FTIR spectra of VOC compliant clearcoat C-CONTROL (final coating 

FTIR spectra of commercial VOC non compliant clearcoat NC
COMMERCIAL (final coating thickness~ 5 µµµµm). 

 

CONTROL (final coating 

 

FTIR spectra of commercial VOC non compliant clearcoat NC-
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Quantitative analysis of –NCO conversion is shown in Figure 4.5 for all coatings.  

The invariant –CH peak at 2940 cm-1was used as the reference peak [124]. The NCO 

conversion is related to the change in the area for the –NCO peak (2273 cm-1) normalized 

to the reference –CH peak (2940 cm-1) as time proceeds. The peak areas were measured 

by the deconvolution method of fitting the peaks with Gaussian form.  The FTIR areas 

for the –NCO and –CH peak were calculated before the reaction (t=0) and after the 

reaction at time t and the NCO conversion was given by the equation 4.3 [124]. 

  (4.3) 

Figure 4.5 displays the NCO conversion data as a function of time on a log scale.  

The curing reaction is slow compared to drying.  Only the NC-COMMERCIAL coating 

has appreciable (>20%) reaction in the first hour after deposition.  The C-CONTROL and 

C-W/ADDITIVE coatings have lower conversions at the end of the 24-hour period as 

compared to the commercial systems.  The commercial systems may have more effective 

catalysts as compared to the model systems created for this study.  The additive does not 

appear to have an appreciable effect on the curing behavior. 
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Figure 4.5: NCO Conversion data for various clear coats. The final coating 
thicknesses were C-CONTROL (4 µµµµm), C-W/ADDITIVE (4 µµµµm), NC-
COMMERCIAL (5 µµµµm) and C-COMMERCIAL (5 µµµµm). 

4.3.2 Stress Development 

Figure 4.6 shows the development of tensile stress as a function of time for two of 

the clearcoats (C-CONTROL and C-W/ADDITIVE).  The stress measurement studies 

were conducted under the similar conditions as the weight loss and curing studies.  In 

both coatings, stress increases with time initially and then reaches a steady value after a 

short time (~15 min) and then decreases slowly over a longer time period (~400 min).    

Past research on automotive clearcoats [122, 125] shows a similar trend although the 

coating chemistries in the past studies are different than those used here.  The magnitude 
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of peak stress generated in these clearcoats (<0.25 MPa) is similar to these studies, but 

small compared with that developed in a thermoplastic glassy polymer coating like 

polystyrene (~15 MPa) [27] or a UV cured acrylate coating (5 MPa) [2]. Since stresses 

cause defects, such as cracks and delamination, the low level of stress in clearcoats is an 

advantage.   

 

Figure 4.6: Stress development data for various clear coats dried at room 
temperature. The final coating thicknesses were C-CONTROL (62 µµµµm) and C-
W/ADDITIVE (64 µµµµm). 
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The data in Figure 4.6 show that accumulates in the same time frame as drying 

and then relaxes over a much longer time frame.  Solvent loss during drying is at first 

accommodated by flow but soon the coating becomes solid enough, either locally or 

throughout, so that the shrinkage from solvent loss only occurs in the thickness direction.  

The in-plane shrinkage is constrained by adherence to the substrate and a tensile stress 

results [5].  In viscoelastic coatings, stress accumulation from constrained shrinkage 

occurs concurrently with stress relaxation [9]. In these coatings, the accumulation of 

stress from constrained shrinkage on drying occurs faster than stress relaxation and hence 

there is a finite tensile stress.  However, once the drying is complete, relaxation continues 

and eventually stress is relaxed completely.  Interestingly, the curing reaction, which 

should also result in a constrained shrinkage, does not add to the stress, likely because the 

crosslinking reactions are slow. The polymer polyurethane does not show considerable 

curing induced shrinkage [126]. Faster stress relaxation coupled with slow crosslinking 

reaction and low curing shrinkage results in zero stress over longer time frame.   

The magnitude of the maximum stress is quite different between the two coating 

systems shown in Figure 4.6.  To explore this difference further, Figure 4.7 shows the 

stress development in all of the clearcoats in the first 15 minutes. The stresses 

accumulated in the NC-COMMERCIAL and the C-W/ADDITIVE coatings are greater 

than the C-CONTROL and the C-COMMERCIAL.  The VOC compliant systems are 

formulated with low molecular weight acrylic oligomers, which should allow for 

effective relaxation, and therefore very low peak stresses (< 0.05 MPa).   The coating 

with the additive (C-w/ADDITIVE) accumulates over three times as much stress.  Since 



 

 

the additive did not have much effect on drying or curing, the higher stress is likely the 

result of the development of a viscosity and hindered stress relaxation.  The addition of 

the high Tg additive raises the glass transition temperature of the coating at any given 

solvent content according to Fox equation [

gT

1

where w1 …wn are the weight fractions of the components in the coating and T

are their glass transition temperatures.  The boost to the glass transition temperature 

raises the viscosity (see Sect. 3.3), which hinders stress relaxation.   

Figure 4.7: Stress development data for various clear coats dried at room 
temperature. The final coating thicknesses were C
W/ADDITIVE (61 µµµµm), NC
µµµµm). 
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the additive did not have much effect on drying or curing, the higher stress is likely the 

result of the development of a viscosity and hindered stress relaxation.  The addition of 

tive raises the glass transition temperature of the coating at any given 

solvent content according to Fox equation [127]: 
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are the weight fractions of the components in the coating and T

transition temperatures.  The boost to the glass transition temperature 

raises the viscosity (see Sect. 3.3), which hinders stress relaxation.    

Stress development data for various clear coats dried at room 
temperature. The final coating thicknesses were C-CONTROL (67 

m), NC-COMMERCIAL (64 µµµµm) and C-COMMERCIAL (59 

the additive did not have much effect on drying or curing, the higher stress is likely the 

result of the development of a viscosity and hindered stress relaxation.  The addition of 

tive raises the glass transition temperature of the coating at any given 

 (4.5) 

are the weight fractions of the components in the coating and Tg,1 …Tg,n 

transition temperatures.  The boost to the glass transition temperature 

 

Stress development data for various clear coats dried at room 
CONTROL (67 µµµµm), C-

COMMERCIAL (59 
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The commercial coatings develop stresses similarly.  The non compliant coating 

(NC-COMMERCIAL) has a lower solids content and is comprised of higher molecular 

weight acrylic polymers.  Since the drying is fairly similar to the other coatings over the 

time scale of the measurement, the higher stress in this coating is likely linked to its 

higher molecular weight and hence higher viscosity.  By contrast, the stresses in the 

commercial low VOC coating (C-COMMERCIAL) are much lower, again a result of the 

low molecular weight components.  Unlike the model systems, these coatings tend to 

accumulate stress in the first three to four minutes and then the stress reaches a plateau 

value.  More information about the chemistry of the coatings would be necessary to make 

any conclusions about the origin of this feature. 

4.3.3 Rheology 

Drying rheology curves for the different clearcoat formulations are shown in 

Figure 4.8.  As the coatings dry, their viscosities increase slowly at first and then more 

rapidly later in the drying process. Since these specimens are much thicker than those 

used for the drying, curing and stress development studies, the time scale of the drying is 

longer.  Comparing the C-CONTROL and C-W/ADDITIVE coatings, the coating with 

the additive shows a higher viscosity compared with the control.  As in the stress studies, 

the high glass transition temperature of the additive may be responsible for the enhanced 

viscosity.  



 

 

Figure 4.8: Complex viscosity as a function of drying time for all four clearcoat 
refinish formulations at room temperature. The viscosity data are calibrated with a 
Brookfield viscosity standard.  The viscosity for “dry
units. 
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Complex viscosity as a function of drying time for all four clearcoat 
formulations at room temperature. The viscosity data are calibrated with a 

Brookfield viscosity standard.  The viscosity for “dry-to-touch” is 3.3 arbitrary 

The relation between the Tg of the coating and its relationship to viscosity (

y a modified version of the Williams-Landel-Ferry (WLF) equation [
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The viscosity of the coating at any given temperature increases as the glass transition 

temperature of the formulation increases.  Consequently, at any given solids level, the 

glass transition temperature of the coating with the additive will be higher and therefore 

its viscosity higher.  The higher viscosity has the effect of reducing the “dry

Complex viscosity as a function of drying time for all four clearcoat 
formulations at room temperature. The viscosity data are calibrated with a 

touch” is 3.3 arbitrary 

of the coating and its relationship to viscosity (η) is 

Ferry (WLF) equation [128]: 

 (4.6)
  

The viscosity of the coating at any given temperature increases as the glass transition 

any given solids level, the 

glass transition temperature of the coating with the additive will be higher and therefore 

its viscosity higher.  The higher viscosity has the effect of reducing the “dry-to-touch” 
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time, which is time needed to achieve a viscosity of approximately 103 Pa•s [129]. In 

Figure 4.8, the “dry-to-touch” time coincides with a viscosity value of 3.3.  In addition, 

the higher viscosity with the additive will result in improved anti-sag characteristics.  

In the commercial coatings, the noncompliant coating (NC-COMMERCIAL) 

shows a larger increase in the complex viscosity as compared with the low VOC 

compliant coating (C- COMMERCIAL). The higher molecular weight of the resin in the 

noncompliant coating would lead to a higher glass transition temperature and hence a 

higher viscosity compared to the low VOC compliant system, which contains lower 

molecular weight oligomers.  

4.4 Conclusions 

A model volatile organic compound (VOC) compliant two component (2K) 

acrylic-polyol refinish clearcoat was prepared and used to study the effects of a cellulose-

based additive on drying, curing, rheology and stress development at room temperature.  

Results were compared with commercially available VOC compliant and traditional 

noncompliant clearcoats.  Most of the drying of the low VOC coatings occurred before 

appreciable (20%) crosslinking.  Tensile stress developed in the same timeframe as 

drying and then relaxed over a longer time scale.  All coatings had relatively low levels 

of stress (<0.25 MPa) compared to other polymer coatings.  Model low VOC coatings 

prepared with the additive had higher peak stresses than those without the additive.  In 

addition, rheological data showed that the additive resulted in greater viscosity buildup 

after application.  Both effects are attributed to the high glass transition temperature of 

the additive (~70°C).  
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There was a marked difference in the cure kinetics between non-compliant and 

VOC compliant automotive refinish clearcoat formulations. Only the NC-

COMMERCIAL system had appreciable (>20%) reaction in the first hour after coating 

application.  Hence the low molecular weight of the acrylic components results in a 

slower development of properties, such as viscosity and glass transition temperature, in 

the initial time after deposition. Incorporation of a high Tg additive to a model low VOC 

coating system resulted in a more rapid increase in the post-application viscosity 

compared with the formulation without the additive and a commercial low VOC 

compliant coating.  The higher Tg imparted by the additive also led to a greater level of 

tensile stress on drying making its behavior more akin to the non-compliant system.  

However, the peak stress developed during drying of low VOC clearcoats as well in a 

commercial higher solvent content clearcoat is low (<0.25 MPa) and not likely to cause 

problems with stress-induced defects like cracks.   
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Chapter 5 Summary and Future Work 

5.1 Summary 

The main goal of this research is to understand the mechanism behind the stress 

development in particulate, composite and polymeric coatings. The coating stress studied 

in this research develops from constrained in-plane shrinkage due to the capillary forces, 

solvent removal and the chemical reactions. The research here shows that the 

mechanisms responsible for stress development are system dependent.  

Chapter 2 focuses on the stress development in particulate coatings and the effect 

of lateral drying. The particulate coating does not dry with a liquid/air front moving 

downwards from the top surface of the coating over the entire region of the coating. 

Rather it dries with a liquid/air front moving inwards from the edges of the substrate. 

This is known as the lateral drying [68]. The lateral drying creates a non uniform stress 

state. The stress in this research has been measured using a cantilever deflection theory 

[56], which assumes that the stress state in the coating is uniform. That is not the case 

when a lateral drying is present. Therefore, in the case of lateral drying, measuring and 

interpreting the stress evolution using the plate/beam deflection theory is incorrect and 

leads to erroneous interpretation of the measured stress. It also results in the 

underestimation of the peak stress. In this research a new technique was developed to 

remove the laterally moving drying fronts.  
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A border made of rope caulk along the edges of the substrate was used to keep the 

coating edge flat and uniform and it is shown to be very effective in removing the 

laterally moving drying fronts. Using the border we have successfully removed the lateral 

drying and studied the stress evolution in alumina coatings made of 0.4 µm size alumina 

particles. The stress in the particulate coating originates from the capillary pressures 

exerted by the pendular ring formation. The stress does not develop initially and in the 

later stages of drying the stress starts increasing due to the pendular rings formation 

between the particles. As the water from the pendular rings leaves the coating, the stress 

peaks and subsequent drying leads to decay in the stress. The peak stress was of the same 

order of magnitude as the maximum capillary pressure.  

Chapter 3 studies the effect of polyvinyl alcohol (PVA) polymer content on the 

stress, elastic modulus, hardness and microstructure of silica nanocomposite coatings. 

The coating stress, mechanical properties and microstructure vary considerably with the 

PVA content. Nanocomposite coatings were fabricated from suspension of poly vinyl 

alcohol (PVA) polymer and nano sized silicon oxide particle. The coating microstructure 

was characterized by imaging the dried samples using scanning electron microscopy 

(SEM). Porosity measurement using the nitrogen gas adsorption (micrometrics ASAP 

2000) reveals that all the pores of the coatings were filled at 50wt% PVA content. The 

modulus of silica nanocomposite coatings of varying PVA content was measured by the 

nano-indentation. The modulus goes through maxima at 50wt% PVA. A lateral drying 

front was observed for low PVA content coatings. However the lateral drying front 

disappears for silica coatings with high PVA content (>72 wt%). The border technique 
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developed earlier and described in details in chapter 2 was used to remove the lateral 

drying fronts in the coatings. Stress measurement experiments reveal that the lateral 

drying front did not influence the amount of the final residual stress. The final stress also 

goes through maxima by increasing the amount of PVA in the silica nano-composite 

coating. The maxima in elastic modulus occur at the PVA content that just fills the pores 

which corresponds to the critical pigment volume concentration for nano-silica-PVA 

composite coatings. However the stress maxima occur at a higher PVA concentration.  

These parallel trends arise because stress is approximately the product of elastic modulus 

and the strain due to constrained shrinkage which can be represented by the solvent loss 

after solidification.  

Chapter 4 focuses on studying the effects of a cellulose-based additive on drying, 

curing, rheology and stress development in automotive refinish polyurethane clearcoats.  

In a typical 2K polyurethane coating systems, the two components, polyester or acrylic 

polyol and polyisocynate crosslinker are each dissolved in solvents, combined and then 

deposited [114]. After deposition, drying and curing proceed, but the relative rates of 

these two processes are expected to vary from systems to systems. Most of the drying of 

the low VOC coatings studied here occurs before appreciable (20%) crosslinking.  

Tensile stress develops in the same timeframe as drying and then relaxes over a longer 

time scale.  All coatings shows relatively low levels of stress (<0.25 MPa) compared to 

other polymer coatings.  Model low VOC coatings prepared with the additive shows 

higher peak stresses than those without the additive.  In addition, rheological data shows 
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that the additive results in greater viscosity buildup after application.  Both effects are 

attributed to the high glass transition temperature of the additive (~70°C).  

5.2 Future Work 

5.2.1 Particulate Coatings 

In this work, the stress development in particulate coatings made of alumina and 

silica nano-composite coatings have been investigated. The lateral drying in particulate 

coatings complicates the stress measurement. However a modified coating application 

results in uniform drying and stress can be measured in the absence of a lateral drying. 

The effect of other processing variables can be further explored using the new technique. 

The results show that the stress in the particulate coating originates from the capillary 

pressures exerted by the pendular ring formation. It suggests that the film stress will 

increase with increasing the surface tension of the liquid and with decreasing pore size. It 

will be interesting to study the effect of variable pore size and surface tension on the 

stress buildup in the absence of lateral drying. Other important but related variables 

which can be explored are flocculation, sedimentation and PH of the coating solution. 

Effects of drying rate and temperature on stress build up in organic coatings has 

been studied [25], however their effect on stress development in particulate coating is still 

ambiguous. Changing the processing temperature affects the cracking of coatings and 

there is an optimum drying condition for a crack free coating. For example drying at 

higher temperature results in faster stress build up in the coatings and the coatings crack 

or delaminate, on the other hand overnight drying at room temperature of these coatings 

produces mud cracking. More experiments need to be done in order to fully understand 
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the effect of temperature and drying rate. In the stress measurement apparatus 

temperature and drying gas velocity can be easily controlled. Future work will consist of 

varying the drying condition for a given coating formulation and study their effect on the 

stress development and the cracking.      

Investigation of stress development and its relation to the crack formation in 

particulate coatings is another major focus area. Constraint shrinkage and capillary 

pressure lead to in plane tensile stresses in particulate coatings and these coatings crack 

when the residual stress exceeds the local material tensile strength. The tensile stress 

relaxes in the vicinity of the cracks however it increases linearly with the distance away 

from the crack. A new crack forms when the stress exceeds the tensile strength. Therefore 

cracking pattern, crack spacing and critical coating thickness (CCT) contains information 

about the coating material properties. The cracking pattern and cracking related variables 

e.g. CCT, crack spacing depend upon the drying condition and coating solution 

properties. The critical coating thickness and the crack spacing are interconnected with 

the stress state and fracture properties of the coating. A small change in the coating 

formulation or drying conditions has pronounced effects on the cracking behavior of 

these coatings. More experiments needs to be done to understand and formulate an 

improved theory of stress development and cracking behavior of these coatings. 

Moreover effects of sub-layer on the cracking behavior of particulate coating can be 

studied.   

The cracking behavior of silica coatings in the confined geometry (especially 

designed trench) will be very interesting to investigate.  A modified theory based on the 
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work by Voller and coworker [130] can be used to relate the crack spacing to the coating 

stress in a trench.  Crack spacing can be given as  

                                           
2
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                                                                  (5.1) 

where λ is the crack spacing, t is coating thickness or trench depth, w is the width of 

trench, σ is the tensile stress and τ is the shear strength between the coating and the 

substrate. Theory explains that crack spacing increases with increasing width of the 

confined geometry (trench), however careful designed experiments needs to be conducted 

to keep the uniaxial stress state in the confined geometry.  It will be also useful to 

measure the shear strength between the coating material and the substrate which can be 

evaluated using a pull out test. A schematic diagram of the pull out test is shown in the 

Figure 5.1.  

  

Figure 5.1: Schematic of pull out test for the measurement of shear strength (τ). 
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5.2.2 Stress Development in Two Layer Coating System 

Most of the coatings used in the industrial application consist of many layers. To 

understand the stress development in the multilayer coating system, it is important to start 

with the two layer coating system.  The interaction between the two layers and its effect 

on stress development needs to be investigated. To understand the role of primer (sub 

layer) in relaxing the stress in the top coat, a range of moduli for the primer and the top 

coat should be explored. The extent of shrinkage of top layer can be affected by the 

properties of the sub layer.  

If the sub layer is viscous, then top layer can shrink freely and no stress should 

develop in the top layer. In the case of a elastic sub layer then shrinkage of top layer 

should be same as if it is applied on the substrate directly and sub layer coating properties 

should not affect the stress build up in the top layer at all. If the sub layer is viscoelastic 

material then the sub layer might reduce the shrinkage in the top layer by viscous flow. In 

Chapter 1 the edge effects and the role of a thin sub layer of softer material has been 

discussed. It has been established by theoretical calculation that softer sub layer would 

allow the top layer to retract more from the edge, and this retraction of top layer’s edge 

would allow its current state to be closer to stress free state. This hypothesis can be 

testified by using softer sub layer for the experiments. Visualization experiments can be 

used to observe the edge retraction during solidification.            

Effect of relative thickness of two layers is also another important issue which will be 

studied. Industrial multilayer coatings can be produced either by applying coating liquid 

simultaneously and solidifying or by sequentially depositing individual coating liquid and 
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solidification of individual layer. It will be interesting to study the stress development in 

the individual layer using both methods of coating. Also mathematical model used to 

evaluate the stress in top layer implies that stress development in each layer is not 

affected by the stacking sequence. This can be verified by experimentation where two 

layers can be interchanged. Experiments with viscous sub layer and elastic sub layer can 

be combined by using a coating material which is viscous in the beginning and later it can 

be solidified by some process e.g. curing.   

Solvent diffusion form the top layer to the sub-layer (primer) is one case of 

interaction which can be explored in this project. Solvent diffusion from the top layer into 

the bottom layer can be easily tailored by changing the solvent interaction parameter and 

diffusion constant for the primer coat. One simple method of measuring the solvent 

diffusion would be to measure the weight gained by the sub-layer after putting it in the 

solvent of top layer for the experimental duration. Another way would be to examine the 

interface of two layers during or after the solidification of top layer. Interface can be 

characterized using a number of techniques e.g. SEM, Cryo-SEM, AFM etc. SEM 

micrograph with EDS analysis can provide valuable information about the interface. 

 5.2.3 Mechanical Testing of the Coatings during Drying 

One of the goals of this study is to understand the basic mechanism behind the 

stress development and defect formation, and for that purpose complete characterization 

of the coating during the drying is essential. Since shrinkage stress that develops in the 

coatings is directly proportional to the modulus, therefore when studying the stress it is 

important to understand how modulus evolves during drying. Furthermore the 
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quantification of adhesion will be very useful, since most of the multilayer coatings tend 

to delaminate. Adhesion strength can also be used to characterize the shear strength for 

the particulate coatings. The work of adhesion is defined as the energy needed to separate 

two surfaces. Nanoindentation can be used to describe the adhesion strength, in which a 

nanoindentation tip is dragged across a film with increasing load on the tip. Eventually 

film buckles and delaminates from the substrate.  

5.2.4 Stress Development during the Wrinkle Formation 

Wrinkling occurs in coatings when coating is completely solidifies or solidifies to 

the extent that it forms a solid skin atop a liquid bottom layer. A solidified two layer 

polymeric coating atop a rigid substrate can wrinkle if the top layer is put into high 

enough in-plane compressive stress. In that state, the planer shape of the top layer 

becomes unstable with respect to buckling and it deforms out of plane to produce 

wrinkles. As the two layer polymeric coating solidifies, predicting the in-plane stress 

generated in the top layer is critical for predicting if the top layer would wrinkle or not. 

Two criteria must be satisfied for wrinkle formation. First, the in-plane compressive 

stress must be above the critical compressive stress required for the buckling of the top 

layer. Second, the bottom layer must be compliant to allow out of plane deformation of 

the top layer [131].  

Coatings that solidify by curing, the two layer structure develops from a single 

applied layer. Such coatings are highly cross-linked in nature and generate a depth wise 

gradient in degree of solidification. The top of the coating solidifies first and a two layer 

structure with a cross linked elastic skin layer atop a viscous bottom layer develops. The 
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compressive stress develops in the top skin layer when liquid below diffuses up into the 

skin. High enough compressive stress buckles the skin to produce wrinkles. Previous 

stress development studies in curing coating states that in-plane tensile stress develops in 

these coatings not the compressive stress. However presence of compressive stress is 

necessary for the wrinkling in these coatings. We are planning to investigate the 

compressive stress in curing coating. The compressive stress and thus the wrinkle 

formation can be controlled via coating formulation chemistry and extent of curing 

(curing time, UV light intensity etc.). Furthermore an in-situ visualization technique will 

be used along with the stress measurement. Wrinkles appearance should be marked by a 

dip in the stress evolution curve due to the compressive stress in the top layer. 

A system of two layer non-curing coatings that have an elastic layer (poly vinyl-

alcohol) atop a compliant elastic bottom layer (polyethylene acrylate) has been examined 

by Basu [131]. The top layer was compressed by either solvent adsorption by the top 

layer or differential thermal expansion. To calculate the magnitude of the in-plane 

stresses generated by both these mechanisms and to understand their contribution to 

formation of wrinkles, a model based on elementary layer mechanics was also given. 

However, experimental value of the compressive stress which resulted in wrinkle 

formation was not measured. To understand the wrinkling formation it is critical to 

understand the compressive stress that causes wrinkling in the two layer coating. Future 

work of the project consists of examining the compressive stress in the coating system 

which has been used by Basu [131]. Stress measurement apparatus can be used to 

measure the in-plane compressive stress in the top layer. The only difference will be that 
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deflection of the beam will be in the opposite direction and equation 4.4 will require 

further modification to account for the effect of compliant bottom layer.  
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Appendix A: Derivation of the Beam Bending Equation 

A.1 Derivation 

If a coating is applied to a substrate, it will behave as a plate. It will experience 

tension in both directions in the plane of the substrate. Therefore, a plate theory approach 

has been used to relate deflections of cantilever to stress in coating. Following 

assumption has been made in the approach: 1) the coating adheres properly to the 

substrate (2) all deflections are spherical in nature (3) elastic limits of the coating and 

substrate are not exceeded (4) stress variation of the coating as a function of thickness is 

negligible and  (5) material is isotropic in nature.  

 

Figure A. 1: An element of the coated cantilever showing neutral axis (adapted from 
[19]). 
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Figure A-1 shows an element of the coated cantilever with y as the thickness 

direction.  By Hook’s Law, the unit elongations εx and εz in terms of normal stresses σx 

and σz are   

x z
x E E

xz
z E E

σ σ ν
ε

σ νσ
ε

= −

= −

                                                                                    (A.1) 

The unit elongations at a distance y from the neutral surface are given by Timoshenko 

and Gere [132] as: 
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Using equation (A.1) and (A.2) the stresses as a function of the curvature can be 

expressed as  
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                                                                    (A.3) 

The curvature of the plate is assumed to be spherical, hence only one direction 

need to be considered for analysis [19]. For the case of pure bending, there is no net 

normal force present on each element. Therefore, the stresses above the neutral axis must 

be equal and opposite to those below the axis. However, a bending moment is present. 
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For the coated beam, the stress, σx, is a combination of the coating stress and the induces 

stress in substrate, σc and σs respectively, 
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                                                                       (A.5) 

Assuming that deflection is spherical in nature, hence rx = rz= r. The curvature of 

the coating and substrate is assumed to be approximately same. Also, for simplification, 

following notation is used. Where Es
” and Ec

” are sometimes referred to as plate moduli 

of the substrate and coating respectively.  
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Combining equation (A.4) and (A.5): 
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                                                                        (A.6) 

To find the position of the neutral axis, the force balance condition in (A.6) is 

used. Where n is the distance from the coating substrate interface to the neutral axis.  
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Therefore distance from the coating substrate interface to the neutral axis is: 
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Chiu [11] derived similar expression. Using the moment expression in (A.6) and 

the stresses in (A.5), a relationship between curvature of the beam and bending moment 

can be obtained.  

( )

2 2
" "
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y ys n nE dy E dy Mn n cs cr r

σ σ− −+ =∫ ∫− − +

− −+ =∫ ∫− − +

 

Where M (the bending moment per unit length) is equal to Mx and Mz divided by their 

respective dimensions. By integration and simplifying the above equation: 
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 Using equation (A.7), above expression can be rewritten as: 
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Solving for the curvature of the composite beam we find, 

1 M

r D
e

=                                                                                                        (A.9) 

Where De, the effective flexural rigidity of the composite beam is 
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                                                     (A.10) 

Same expression was obtained by others [133]. The only difference was in the definition 

of the moduli, where a beam modulus, i.e. E’=E/(1-ν
2), was used instead of a plate 

modulus.   

The radius of curvature of a beam, clamped at one end, is given as [56]:  

2

2

L
r

d
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Where L is the length of the unclamped section of the beam and d is the deflection of the 

unclamped end. Combining Equation (A.11) and (A.9): 
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Beam coated with a coating will bend due to compressive forces developed by 

shrinkage of coating during process of drying. Corcoran [58] treated the problem as 

though the beam were bent to the same radius of curvature by bending moment applied to 

the ends of the beam which are a result of the stress in the coating (Figure A-2). 

 

Figure A. 2: Bending of the beam due to stress in a coating (adapted from [19]). 
 
The bending moment Mb will be resultant of an average force Fc applied normal to the 

cross section of the coating at a distance of (l+c/2) from the neutral axis.  

( )( )
2

c
M F n

b c
= +                                                                                     (A.13) 

Where Fc can be related to average stress Savg and cross sectional area of the coating by 

following expression: 

F S zc
c avg

=   

 The moment is then, 

( )( )
2

c
M S zc n

b avg
= +                                                                             (A.14) 

In equation (A.12) M, the moment per unit length, is equal to Mb/z. Combing equation 

(A.12) and (A.14): 

2

2( )
2

D d
eS

avg c
cL n

=
+

                                                                                  (A.15) 

If Es = Ec and s>>c, then equation (A.10) is modified as: 
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3

12(1 )e

Es
D

ν
=

−
                                                                                          (A.16) 

 Therefore, stress expression reduces to stoney’s equation [56] (modified by the plate 

modulus). 

2

23 (1 )

Es d
S
avg cL ν

=
−

                                                                                (A.17) 

The stress, Savg, is the stress that we would actually measure. However, it is not 

the stress that we are truly interested in. If the substrate is rigid like in most of the cases, 

it would not have bent significantly. The coating applied to rigid substrate will be in state 

of stress, S, greater than the equilibrium stress Savg. Because beam bends, the coating is 

able to relieve some of the stress by deforming. Corcoran [58] derived the expression for 

total stress S, by adding a second term in equation (A.17) based on the strain difference 

between the bent and unbent states. The total stress can be expressed as 

"S S E
avg diff c

ε= +                                                                                (A.18) 

Equation (A.18) was further simplified by Corcoran as: 

"2
( )

2 2

E d ccS S n
avg L

= + +                                                                        (A.19) 

Equation (A.19) is valid for all coating thicknesses.  
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Appendix B: Effect of the Weight of the Coating on Deflection 

B.1 Derivation 

Assume that the cantilever beam is subjected to a uniformly distributed load F per 

unit length. For a coating system, the uniformly distributed load F is the weight of 

coating per unit length of the cantilever [134].  

 

 

Figure B. 1: Bending of cantilever by a uniformly distributed load F/unit length 
(adapted from [134]). 
 
The bending moment at section x is: 

( )2

2

F
M L x= − −                                                         (1) 

The bending moment is described by the following equation: 

2

2

d y
M EI

dx
= −                                                              (2) 
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where E is the beam’s modulus and I is the moment of inertia about the neutral axis and y 

is the deflection of the beam. 

The moment of inertia is given by: 

31

12
I wt=                                                                   (3) 

where w is the width of the substrate and t is the thickness of the substrate. 

Boundary conditions: 

Where the beam is clamped, the beam has zero deflection and there is no change in slop 

of beam, (i.e. x = 0) 

 

0 0xy = =                                                                        (4) 

0

0
x

dy

dx =
=                                                                     (5) 

By combining equation 1-5 and integrating twice we get the following expression: 

3 4 3 41
( )

12 24 6 24

F F F
E wt y L x L x L= − − − +                   (6) 

For x=L equation 6 gives the maximum deflection at the free end of the beam: 

4
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3

2x L

FL
y

Ewt= = −                                                            (7) 

 


