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 Abstract 

Latex coatings are used throughout industry to improve properties at a surface. 

Understanding film formation in latex coatings is important to control coating properties. 

Advances in emulsion polymerization have allowed complex latex coatings to be made 

by combining two or more immiscible polymers into a single latex particle. The polymers 

phase separate within the particle, which can then form unique coating microstructures. 

The goal of this project is to study the film formation of complex latex coatings, using 

cryogenic scanning electron microscopy (cryo-SEM) in conjunction with other tools.  

Block copolymer latexes were synthesized at Arkema Inc. and their film 

formation properties were studied using cryo-SEM and AFM. The coatings complete the 

three stages of film formation: consolidation, compaction and coalescence. The two 

immiscible polymers phase separate on a scale of a few nanometers in fully formed films. 

The film formation of polymer latex blends was also characterized. Here, 

microstructure formation was studied along side with stress development and cracking. 

Coatings of polymer blends were shown to hold a residual tensile stress after drying 

completed, although lateral drying fronts convoluted results. Cryo-SEM showed cracks to 

form with water still present between the particles, and deformation to occur after 

cracking and after most of the water had evaporated.  

Lateral drying fronts complicated studies of film formation. To reduce or 

eliminate lateral drying, walled substrates were fabricated such that uniform drying could 

occur. Photolithography was successfully applied to create walled substrates, and 

coatings on walled substrates demonstrated improved uniformity.  
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Chapter 1: Motivation and Background 
 
1.1 Introduction  

Coatings are used in a wide variety of industries to change or improve properties 

at a surface. For example, there are protective coatings such as floor varnishes, car paints, 

and metal coatings, which are used to protect the underlying surface from scratches, 

corrosion and general wear. However, coatings are used much more frequently than just 

as protection. There are anti-reflective coatings in the optics industry, magnetic coatings 

for storage media, photoresist coatings to fabricate microelectronics, and pharmaceutical 

coatings for drug release on medical devices1.  

Latex coatings are used throughout industry as adhesives, tougheners, paper 

coatings, floor coatings, roof coatings, etc. A latex, typically made by emulsion 

polymerization, is a colloidal dispersion of polymer particles in aqueous solution2. The 

use of water as the solvent allows latexes to be made cheaply and easily without the need 

for harsh volatile solvents. Latexes are also desirable because it is simple to control their 

rheology with the solids volume fraction and particle size, rather than by polymer 

composition and molecular weight3. Furthermore, latexes are synthesized using emulsion 

polymerization, which has rapid rates of polymerization and produces high molecular 

weight polymers4.  

While latexes are water-based, they typically also contain additives such as 

electrolytes, biocides, pigment particles, pH modifiers, coalescing aids, etc4. These 

additives can sometimes be volatile organic compounds (VOCs) and can result in 

pollution and adverse health effects.  VOCs are any volatile carbon-containing compound 
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that can undergo photochemical reactions with the atmosphere to produce unwanted by-

products5,6.  

Government agencies are restricting the amount of VOCs allowed in latex 

coatings5,6. They are regulating the use of commonly used additives, like texanol and 

glycols. Texanol is a coalescing aid, which allows particles to deform easily to complete 

film formation. Glycols, such as propylene glycol and ethylene glycol, are also very 

commonly used as anti-freezing agents6. In order to comply with new government 

restrictions and minimize their environmental impact, it is necessary to understand how 

waterborne latexes form complete films without the use of additives. 

New developments in emulsion polymerization have driven the production of 

complex latex particles. Complex latex particles usually consist of two or more 

immiscible polymers that phase separate within particles, giving rise to various possible 

nanostructures. Core-shell latexes are among the most common, but new synthesis 

techniques allow various nanostructures to be created3,7.  With the advent of complex 

latex coatings, it may be possible to tune film formation by controlling particle structure 

without the use of unfriendly additives.  

The main goal of this research is to provide a better understanding of 

microstructure formation of complex latex coatings and to connect initial particle 

structure to final microstructure. Block copolymer and polymer blend latexes are 

synthesized at Arkema Inc. and characterized at the University of Minnesota to study film 

formation phenomena. Techniques such as cryogenic scanning electron microscopy 
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(cryo-SEM), atomic force microscopy and stress measurement are utilized to build 

understanding of film formation.  

 
1.2 Film Formation of Latex Coatings   

Once a latex dispersion is cast onto a substrate, water evaporates from the surface 

and a process known as latex film formation begins. This is a dynamic process in which a 

stable colloidal dispersion is destabilized and a liquid coating becomes solid5. Vanderhoff 

first proposed the most widely accepted model of film formation, categorizing drying into 

three main stages: consolidation, compaction and coalescence (figure 1.1)8. 

 

Figure 1.1: Three stages of drying of a soft latex coating- consolidation, compaction and 
coalescence. 
 

Initially, the polymer particles are dispersed in the water, moving around with 

Brownian motion.  Drying begins with the evaporation of water from the surface at 
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approximately the same rate of pure water9,10,11. Particles eventually begin to contact one 

another as water continues to evaporate from the surface. Once in contact with each 

other, Van der Waals forces hold the particles together. This first stage of drying, called 

particle consolidation, typically lasts until 60-70% solids and has a nearly constant 

evaporation rate (figure 1.2).  

 

Figure 1.2: Stage 1 of film formation, consolidation. Particles concentrate as water 
evaporates from the air-water interface.  
 

Optically, the consolidation regime appears opaque as the difference in refractive 

index between polymer and water scatters light. The next stage of drying, compaction, 

can be noticed macroscopically as the coating turns from opaque to translucent. As the 

pore space between particles shrinks to dimensions smaller than the wavelength of light, 

light scattering is diminished causing a translucent appearance12,13.  

Compaction is the second stage of film formation (figure 1.3). The particles have 

reached maximum packing and the water level now falls below the top layer of the 

particles. In this stage, it is necessary to distinguish between hard and soft latex. A hard 

latex has a glass transition temperature (Tg) higher than the drying temperature, giving a 

glassy, hard polymer. A soft latex has a Tg lower than the drying temperature such that 

the particles are able to deform and polymer chains can diffuse easily. 

During compaction, a curved water-air meniscus will form between close packed 

particles resulting in a compressive stress from capillary forces (figure 1.4) that pulls 

particles together.  The Young-LaPlace equation can be used to estimate the pressure in 
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the liquid under the curved meniscus, where Pliq is the pressure in the liquid, Pgas is the 

pressure in the gas, σ is the surface tension of water and air, and R is the radius of the 

meniscus. This equation demonstrates that a small radius of curvature can create a low 

liquid pressure under a meniscus. Thus, as the water level decreases at the surface, the 

meniscus radius decreases and causes a pressure drop within the coating. 

               
R

PP gasliq
2

!
="                                        (Eqn. 1.1) 

 

 

Figure 1.3: Stage 2 of film formation, compaction.  Deformation of the particles occurs 
in soft latexes as capillary and Van der Waals forces pull the particles together. 
 
 The decreasing pressure at the top of the coating causes a pressure gradient which 

drives water flow from the interior of the coating toward the surface. Pulling of  liquid 

towards the air interface aids in drying despite drag forces inflicted by pore space 

constriction. With low viscosity coatings, the shape of the meniscus is maintained by 

replinishing liquid from the rest of the coating14. When viscous resistance is substantial, 

the meniscus will descend into the pore spaces and decrease the radius, thus increasing 

the capillary pressure driving force.  

For a hard latex, and also for ceramic particulate coatings, air invasion into the 

inter-particle spaces may occur, and the rate of evaporation slows significantly. For a low 

Tg (or soft) latex, as particles concentrate they begin to deform against each other when 

they come into irreversible contact. Pulled together by capillary forces discussed above, 

the spherical particles deform into the pore space. Van der Waals forces have been shown 
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to aid in deformation of the particles. As pore spaces are filled in by the deformation of 

particles, the rate of evaporation decreases15.  

 

Figure 1.4: Capillary pressure forces on two latex particles (Adapted from Pekurovsky 
and Scriven16). 
 

Stage three, coalescence, occurs with the initial formation of a continuous film 

(figure 1.5). High Tg latex often do not undergo this phase. Particle interfaces become 

less distinguishable as polymer chains diffuse from one particle to another and fill-in void 

space. It is during this stage that the film gains mechanical strength. The remaining water 

in the film evaporates through interparticle channels and by diffusion across the polymer 

skin.3 Macroscopically the film becomes transparent as there is no longer any pore space 

large enough to scatter light. Over time, stresses induced by compaction will disperse or 

release through cracking or delamination.17 

 

Figure 1.5: Stage 3 of film formation, coalescence. Polymer chains between particles 
interdiffuse and the film gains mechanical integrity. 
 

Scriven and Pekurovsky describe how capillary forces aide in film formation of 

latex and give a slightly different categorization of drying16. First, solvent evaporation 

causes particles to consolidate at the air-water interface. When the particles are 
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concentrated at the surface (at a packing fraction of about 0.6) curved menisci form at the 

air-water interface, making the drying surface concave to the air. The curved menisci 

induce a pressure gradient that causes a capillary pressure to draw liquid from within the 

film as water continues to evaporate. Particles are dragged along with the liquid from the 

center of the coating towards the consolidation layer. Huang and Ma have experimentally 

shown the formation of a consolidation layer using cryo-SEM12,18. This stage is defined 

as the wet stage: the particles are consolidated within the coating and menisci have 

formed between the particles.  

At the end of the wet stage, surface tension and capillary forces compress the 

particles beneath, resulting in particle deformation. As the particles flatten against each 

other they deform into the inter-pore space. If the pore space is not completely closed, the 

water menisci can descend further into the coating, leaving pendular rings of water 

around the particle contact points. When the menisci descend into the coating, air has 

evaded between particles, and this is referred to as the moist stage. Capillary forces form 

residual pendular rings continue to draw particles together. Van der Waals forces can also 

become appreciable, aiding in coalescence. The forces that initially kept the dispersion 

stable are overcome by the capillary and Van der Waals forces, as particles plastically 

deform against each other.17  

One simple yet important measurement of film formation is the minimum film 

formation temperature (MFFT). The MFFT defines the minimum temperature necessary 

for a coating to form a continuous film. In most cases, this refers to a crack-free, 

transparent film when no pigment particles are in the latex. The MFFT depends on 
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several factors of the latex such as the elastic modulus, viscosity, drying rate, etc. Myers 

and Schultz found the MFFT to depend very slightly on drying rate19. The MFFT has also 

been correlated to the Tg of the polymer, although the connection between Tg and MFFT 

is still unclear, and surfactants have been shown to change their relationship to each 

other20-22. Particle size and the morphology of the particles have also been shown to 

influence the MFFT, although direct correlations have been difficult to obtain21-26.  

 In order to help reduce the use of VOC additives in latex coatings, it is important 

to understand film formation and explore the role of particle structure during drying. 

Many factors play a role in microstructure formation including polymer modulus, particle 

size, evaporation rate and surface tension. In turn, the coating microstructure plays a 

crucial role in controlling the bulk properties of the latex film. It is of particular interest 

to study how the structure of the latex particles affects the morphology and properties of 

the final film.  

 
1.3 Film Formation of Complex Latex Particles 

Recent advances in polymerization techniques have allowed composite latex 

structures to be studied7. A composite latex particle typically contains two or more 

incompatible polymers, which phase separate. The film formation of such composite 

latexes isn’t well understood, and requires further investigation to grasp how the 

nanostructure of the particles affects the final microstructure of the coating. 

Film formation of complex latexes have been studied for latex blends and core-

shell structures that consist of a hard and a soft polymer. Brodhyan et al. predicted that 

the soft polymer typically governs film formation in heterogeneous systems, unless 
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present in small amounts (less than 30-40 vol %) or completely surrounded by a shell of 

hard polymer27. They also showed that the resulting film would be a multidomain 

polymer coating with the hard polymer embedded in a matrix of the soft polymer, 

although this microstructure could be reversed by drying above the Tg of the hard 

polymer.  

Results confirming Brodhyan’s finds were found using poly(butyl acrylate) 

(PBA) and poly(methyl methacrylate) (PMMA)) core-shell and blended latex. PBA is a 

film forming soft polymer with a Tg = -49°C and PMMA is a non-film forming hard 

polymer with a Tg =114°C. For blends of PBA-PMMA, the PBA was able to diffuse and 

coalesce completely while the PMMA remained dispersed in the PBA matrix. The 

mobility of the PBA was shown to be reduced due to the presence of PMMA. For core-

shell structures, when PMMA formed a complete shell around PBA, film formation did 

not occur.28 Furthermore, studies involving core-shell PBA-PMMA latex have shown that 

the MFFT of these films depends not only on the ratio of PMMA to PBA, but also on the 

thickness of the PBA shell. The thinner the shell relative to the size of the hard core, the 

more unlikely it is that fully formed films will result.29 

Additional studies involving PMMA and PBA latex include film formation of 

PMMA particles mixed with PMMA-co-PBA particles. PMMA-co-PBA is a random 

copolymer of methyl methacrylate and butyl acrylate. It was shown that there was a 

critical volume of PMMA-co-PBA (40-50 %) necessary for film formation to occur at all. 

Electron microscopy showed the resulting films to have PMMA particles uniformly 

distributed through a matrix of the soft copolymer. The PMMA particles appeared to 
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have retained their shape, indicating that the soft copolymer was responsible for 

coalescence.30 

Films of polystyrene (PS) and PBA core-shell and blended latex were compared 

to see differences that the initial morphology played in final microstructure. For blends of 

PS-PBA, clusters of the PS were found in a matrix of PBA even when using low ratios of 

PS. Core-shell latex with PS as the hard polymer core also resulted in films in which the 

hard polymer (PS) was embedded within a soft polymer matrix (PBA). Better shell 

coverage of PBA prevented aggregation of the PS particles giving more uniform films. At 

high temperatures (greater than the Tg of PS) PS can coalesce, and the films were shown 

to go from a segregated matrix to a bicontinuous two phase system.31 

Thus, for two-phase latex particles containing a hard and soft block, final 

microstructure has been shown to depend on the ratio of hard to soft polymer, the 

morphology of the initial particle and the drying temperature. Core-shell latexes with 

hard polymer shells do not form films. If the shell is a soft polymer, films of hard 

polymer clusters included into a soft polymer matrix are formed30,31. Blended latex may 

give similar results, but final morphology depends on the initial particle structure27-30.  

1.4 Cryogenic Scanning Electron Microscopy  
 

In this research, it is important to understand microstructure development during 

film formation. Tools such as electron microscopy and atomic force microscopy (AFM) 

allow the final microstructure of the coating to be probed. However, it is also important 

to study the microstructure development and to probe the intermediate stages between 
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dispersed latex particles and final coating. Cryo-SEM allows transitional microstructures 

to be studied and uses the same basic principles as room temperature SEM.  

Scanning electron microscopy (SEM) is a powerful and versatile tool used widely 

to characterize solid surfaces. High resolution field emission scanning electron 

microscopes (FE-SEM) are capable of topographical imaging at 1.5 nm resolution. In a 

standard FE-SEM, an electron beam is accelerated down a column; a series of 

electromagnetic lenses and apertures control the diameter of the beam and the focus of 

the beam onto the sample. When the beam interacts with the specimen several types of 

signals are generated and interpreted to produce an image.32 

SEM uses the production of backscattered and secondary electron signals from 

beam-sample interaction to produce an image. In the former, the electron beam interacts 

with the sample without losing a significant amount of energy, but the path of the 

electron is deflected back out of the specimen. Most backscattered electrons (BSE) retain 

at least 50 % of their incident energy and provide information on the atomic number of 

the atoms in the sample. Secondary electrons (SE) occur as a result of transfer of energy 

from the incident electron to a specimen atom, causing the specimen atom to expulse an 

electron. SE typically have less than 50 eV of energy, and provide us with topographical 

information about the sample.32 

SEM can be optimized using various parameters: accelerating voltage, emission 

current, working distance, etc. All the operating parameters have advantages and 

tradeoffs that the user must keep in mind to optimize viewing conditions for each 

individual sample. For example, a high accelerating voltage can decrease lens aberrations 
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and increase the beam current at the sample; however, this may also obscure surface 

detail and increase charging and beam damage to the sample32.  

Cryo-SEM is a novel technique used to characterize liquid containing samples, 

which would otherwise be unstable, readily vaporizing in high vacuum. It is similar to 

traditional scanning electron microscopy, but the sample is immobilized by vitrification. 

After vitrification, the sample is viewed in the microscope at cryogenic temperatures        

(-150°C). Vitrification of the samples preserves the microstructure by halting dynamic 

processes and allows volatile materials to be imaged in the high vacuum chamber 

necessary for SEM.  

Vitrification, rather than freezing, of the liquid in the sample is important to 

ensure accurate images of the microstructure of the sample. During freezing expansion 

from crystallization of the water rearranges the original structure, altering the 

microstructure of the sample; vitrification is the ideal process to go from liquid to solid 

without reorganization of the particles.  For a latex with water as the solvent, the sample 

must be cooled at a rate of 10,000 K/s, i.e. the sample must be brought below -100°C in 

less than 0.01 seconds, to ensure vitrification33. Often additives such as surfactants can 

reduce the freezing temperature of water, decreasing the critical freezing rate34. To ensure 

vitrification, the sample is typically plunge frozen into liquid nitrogen cooled liquid 

ethane, in a process known as plunge freezing. High pressure freezing is another method 

commonly used for thicker samples35.  

For plunge freezing, a coating is made on a 5 X 7 mm silicon substrate and 

allowed to dry for a specified amount of time. The substrate is cleaned by rinsing in water 
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and sonicating in alcohol for several minutes before use. After some drying, the sample is 

plunge frozen into liquid ethane to vitrify the structure into place and prevent further 

drying (figure 1.6). Heat transfer from the sample to the cryogen is controlled by 

conduction between the sample surface and the cryogen and by convection, which carries 

the heat through the bulk cryogen. After vitrification, the sample is kept either in vacuum 

or submerged in liquid nitrogen to prevent condensation of moisture onto the coating.  

By optimizing several parameters such as plunge angle, cryogen choice, plunge 

velocity, etc. samples can be effectively vitrified using plunge freezing36. Liquid ethane, 

rather than liquid nitrogen is used to plunge freeze samples. In an open container of liquid 

nitrogen, nitrogen gas is already boiling at the surface, creating an insulating gaseous 

layer that reduces heat transfer between the sample and the cryogen. Ethane, however, 

has a large difference in boiling (-89°C) and freezing point    (-172°C), which maximizes 

the heat removed from the sample37. Extensive research has also been done to show an 

optimal plunge angle of 75° to the horizontal38. This plunge freezing method reportedly 

works best with samples up to 30 µm thick, although coatings up to 60 µm thick were 

successfully prepared in this thesis 39.  
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Figure 1.6: Plunge freezing sample preparation steps for Cryo-SEM. 

The next two sample preparation steps are optional. Both are performed in an 

Emitech cryopreparation system under high vacuum at cryogenic temperatures to prevent 

possible contamination of the sample. After vitrification, the sample can be fractured in 

order to make the internal structure visible. Fracture of the sample is an important step to 

view the internal microstructure of the coating. Fracture is not performed when viewing 

the surface of coatings. Next, sublimation can be done in order to reveal the particles 

underneath. Sublimation removes some of the vitrified solvent, to uncover the 

microstructure beneath. At -96°C, the etch rate of water is 10 nm/s40. Typically, for 

samples that have been fractured, 1 µm of solvent is etched away by subliming at -96°C 

for 10 minutes. 

Next, a thin Pt layer is sputter coated onto the sample at -96°C to increase 

conductivity. The insulating nature of polymers and frozen material will cause a charge to 

form of the surface of the sample under the electron beam. Charging interferes with 

emission signals, preventing good imaging conditions, and alters the original 

microstructure of the sample. A thin metal coating onto the surface of the sample allows 
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electrons to be conducted away easily, reducing unwanted charging effects. Sputter 

coating is an effective method of achieving a thin metal Pt coating without significantly 

increasing the temperature of the sample41. Sputter coating is performed in the Emitech 

cryopreparation system for 100 seconds. 

Finally, the samples are viewed in a Hitachi S-4700 Field Emission Gun Scanning 

Electron Microscope (FE SEM). An accelerating voltage of 3kV and an emission current 

of about  10 µA is typically used for imaging, although imaging parameters may vary 

from sample to sample to optimize clarity. 

Another method of sample preparation utilizes high pressure freezing to prepare 

and view samples as they would exist in the dispersion. This method utilizes a BalTec 

high pressure freezer where the sample is exposed to 2,100 bar of pressure and cryogenic 

temperatures simultaneously. At this high pressure, a minima occurs in the phase diagram 

of water for both the melting temperature and the supercooling temperature, 251 K and 

183 K respectively42. The viscosity of water also increases to about 1500 cP43. This 

means that the crystallization rate of water and the rate of crystal growth are significantly 

slowed to prevent freezing of the sample.  

First a drop of the sample is placed in between two brass cylinder freezing hats 

(figure 1.7). The hats can be either 200 µm or 100 µm deep, allowing for either 200, 300, 

or 400 µm thick samples to be vitrified. In this thesis, 300 µm samples are used. After 

vitrification in the BalTec, the sample hats are split open under liquid nitrogen to avoid 

moisture condensation from the air onto the sample. Half of the sample is then loaded 

onto a Gatan 626 cryostage, which maintains low sample temperatures. In a Blazers 
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MED 010 sputter coater, the sample undergoes sublimation and Pt coating before being 

viewed in the Hitachi S-900 FE SEM at cryogenic temperatures36,43. 

 

Figure 1.7: Sample preparation steps for high pressure freezing 

 
1.5 Freezing Artifacts 

 
There are several disadvantages to cryo-SEM that can arise during sample 

preparation and viewing. This section discusses some artifacts that can arise and obscure 

images, making interpretation of data difficult if not impossible. It is important to know 

and study freezing artifacts that may develop so one can prevent them during sample 

preparation if possible and recognize them as artifacts when they are unavoidable. 

When the water in a latex coating freezes, the microstructure of the coating 

changes. Particles are rearranged to accommodate the decrease in density that occurs with 

crystallization. That is why it is important to vitrify samples fast enough so that ice 

crystals do not form. Thicker coatings, typically greater than 100 µm, tend to exhibit poor 

freezing due to inability to vitrify a sample so thick by plunge freezing37. Figure 1.8 

shows examples of poor freezing of samples.  
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Figure 1.8: Cryo-SEM images of block copolymer latex coatings. Crystallization 
occurred due to slow heat transfer during plunge freezing. Ice crystals grew in distinct 
patterns, pushing particles into surround. 
 

Ice contamination from humidity in the air is another concern when doing cryo-

SEM. Samples should be kept under vacuum or immersed in liquid nitrogen in order to 

avoid condensation of humidity in the air onto the sample. Contamination most 

commonly occurs during transfer to the Emitech coating system or during transfer to the 

Hitachi S-4700 SEM when vacuum is most likely to leak. Ice contamination can be 

identified because it is often irregularly shaped and polydisperse; however, ice could also 

take spherical shape which can be tricky to identfy (figure 1.9). If it is uncertain whether 

or not there is ice contamination, the sample substrate can be imaged. If humidity 

condensed onto the sample after fracture it would effect both the coating and substrate 

alike. The scale of the particles should also be refenced when trying to identify ice 

artifacts. 
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Figure 1.9: Cryo-SEM images of a polymer blend latex. Ice contamination can be seen 
on each of the samples to varying degrees.Sometimes the ice just shows up as small spots 
that speckle the surface of the particles (top). Other times the ice is so dense as to 
completely obscure the view of the sample (bottom).  
 

For fracture at cryogenic temperatures, brittle fracture of polymers would be 

expected since the material is well below its glass transition temperature. In spite of this, 

ductile fracture of the particles is commonly seen during cryo-SEM. Separation of the 

particle halves during fracture causes some elongation in the particle halves, resulting in 

protusions known as pull-outs. Figure 1.10 shows the formation of pull-outs. Pull-outs 

can be used to aid in the study of drying stages of latex coatings and the formation of 

pull-outs depends on many factures such as particle size, polymer modulus and glass 

transition temperature44. 
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Figure 1.10: Cross-sectional cryo-SEM images of block copolymer latex coatings on Si 
substrates. A few of the pull-outs are indicated with arrows.  
 
 Although cryo-SEM started out as a technique used to study biological systems, it 

quickly became a tool of widespread use to study microstructure and film formation of 

collodial systems12,16,18,35,36,44. The University of Minnesota has been a forerunner in 

using cryo-SEM to study coatings and latex suspensions, leading the way in research and 

publications. Cryo-SEM has proven an invaluable tool to examine structures during the 

drying process. In the following studies, cryo-SEM is used to aid in studies of film 

formation of nanostructured latex particles and to give insight into the extent of lateral 

drying. 
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Chapter 2: Block Copolymer Latex 

2.1 Introduction 

It is the goal of this chapter to study film formation of nanostructured block 

copolymer latex particles. A complex latex results from the synthesis of two or more 

immiscible polymers synthesized into a single particle. Unique properties that may not be 

possible using homopolymers can often be achieved by using two or more polymers in a 

single latex. For example, in paper coatings latex blends of poly(styrene)-poly(butadiene) 

are used because the blend provides better glossiness then either homopolymer51.  

If thermodynamically incompatible polymers used in the latex they can phase 

separate to assemble into characteristic nanostructures within the particle. The 

nanostructure of latex particles has been widely studied using various characterization 

techniques such as electron microscopy, atomic force microscopy (AFM), differential 

scanning calorimetry, nuclear magnetic spectroscopy, MFFT, small angle neutron 

scattering and fluorescence spectroscopy7,53-57. While these techniques focus primarily on 

core-shell structures, a variety of other nanostructures have been synthesized and are 

shown in figure 2.1. 

Core-shell latexes were among the first and most widely studied complex latex 

structures7,27-31,50-52,. These structures are formed when one monomer is significantly 

more hydrophilic than the other monomer resulting in a ‘shell’ of one polymer around a 

more hydrophobic core. A two-seeded emulsion polymerization is typically used to 

synthesize these composite latexes and the final structure depends on many 

polymerization factors: the ratio of monomers, monomer conversion, temperature, 
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molecular weight of the seed polymer, solubility of initiator, surfactant, diffusivity of 

polymer chains, cross-linking density, etc.4,53-55  

 

Figure 2.1: Possible morphologies for complex latex particles made from two immiscible 
polymers (Adapted from Sundberg and Durant7). 

 
It is also possible to make complex latex particles using block copolymers (BCP). 

BCP are formed by covalently bonding two or more chemically distinct polymer blocks 

that may be immiscible in each other (figure 2.2). Bulk BCPs have been shown to phase 

separate into a variety of structures based on the ratios of the polymers present. BCPs can 

be synthesized into many different structures including diblocks and triblocks (figure 

2.3), and are used in a wide variety of applications from adhesives to drug delivery57.  

Unlike polymer blends or core-shell structures, in BCP latexes the immiscible 

polymers are chemically bonded together. By bonding two or more thermodynamically 

incompatible polymers together, phase separation can occur on a molecular scale (5-100 

nm) to produce a wide array of possible configurations. The ability to join two dissimilar 

polymers allows the bulk properties to be tuned by changing the proportion of the each 
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polymer in the system. Phase separation is of particular interest in latex particles, as the 

synthesis of BCP in emulsion is a relatively new technology49. 

 

 

Figure 2.2: Example of AB diblock (top), ABA triblock, and ABC triblock copolymers. 
Each letter represents a different monomer, and each block represents a polymer. 
 

In order to create BCP latex, controlled radical polymerization (CRP) can be 

utilized. Since its advent, CRP has been increasingly used to synthesize polymers with 

interesting and tunable architectures like block, graft, star, and comb copolymers49 (figure 

2.3).  In traditional radical polymerization varying chain initiation times, bimolecular 

termination, and chain transfer events all cause a wide distribution of molecular weight in 

the final polymer. However, CRP allows the synthesis of polymers with narrow 

molecular weight distributions. CRP reversibly deactivates the free radical at the end of 

the growing polymer chain, so each chain grows at approximately the same rate57 (figure 

2.4). CRP can give targeted molecular weights with a polydispersity index near 1, design 

specific polymer architectures, and tune functionality at the chain ends. There are several 

methods of CRP including nitroxide mediated polymerization (NMP), atom transfer 

radical polymerization (ATRP) and reversible addition fragmentation chain transfer 

(RAFT).  

AAAAAAAAAAABBBBBBBBBBBBBBBCCCCCCCCCCCCC 

AAAAAAAAAAABBBBBBBBBBBBBBBAAAAAAAAAAAAAA 

AAAAAAAAAAAAAAAAAABBBBBBBBBBBBBBBBBBBBBB 
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Figure 2.3: A comparison of traditional radical polymerization and controlled radical 
polymerization. CRP gives a lower polydispersity and many possible chain architectures 
such as AB diblock ABA triblock, graft and star block copolymers shown here. 
 

NMP uses a bulky nitroxide group, called SG1, to reversibly bond with a growing 

radical chain, deactivating the radical and forming an alkoxyamine dormant end group 

(figure 2.4). First an alkoxyamine undergoes thermal decomposition into a reactive 

radical and a stable radical. The stable radical, shown in figure 2.3, will not react with 

itself due to steric hindrance of the bulky nitroxide group attached. However, the stable 

radical will rapidly react with less sterically hindered growing polymer chains. The 

reactive radicals initiate polymerization, while the stable radicals mediate the reaction 

through reversible termination. One advantage of NMP over other CRP methods is that it 

doesn’t require a catalyst or bimolecular exchange as ATRP and RAFT each need 

respectively. NMP only needs a thermal activation step to start synthesis57.  

As briefly mention in chapter 1, emulsion polymerization is advantageous 

because it is a simple, solvent free synthesis method. Synthesizing polymers in a colloidal 

system allows for easy viscosity and thermal control when compared to bulk 

polymerization. Most notably, in emulsion polymerization both fast rates of 

polymerization and high molecular weight are possible4. Combining NMP with emulsion 

polymerization allows production of BCP latex particles with interesting architectures 

using sequential addition of monomer49,57,58. 
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Figure 2.4: Mechanism of nitroxide mediated polymerizations (left). A model of SGI 
alkoxyamine used as the stable radical (right) 
 

In order to understand the connection between the nanostructure and the bulk film 

morphology, it is necessary to study the particle structure before, after and during drying. 

By studying how the initial nanostructure affects the final morphology, one can learn to 

tune coatings to have specific properties and reduce or eliminate the need for VOCs. This 

research focuses on characterizing the final nanostructure of the coating as well as 

following the changing microstructure as the coating progresses from stable colloidal 

suspension to fully formed film.  Techniques like electron microscopy and atomic force 

microscopy are used to this effect.  

Recall form Chapter 1 that electron microscopy collects data from the sample 

based on secondary electrons or backscatter electrons, giving images based on 

topography or atomic number, respectively. Thus, electron microscopy on its own cannot 

distinguish between two different polymers unless there is a topographical difference 

between the two or one contains a higher atomic number element. In order to view the 

nanostructure created by two different polymer blocks, staining techniques are required.  

Polymeric materials can be stained by either reacting one polymer with a heavy 

atom derivate or diffusing a heavy atom molecule into one block. The reaction or 
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diffusion must occur rapidly in one block and slowly in the other such that staining of  

one block can be controlled by regulating exposure time. Ruthenium tetroxide, osmium 

tetroxide, and phosphotungstic acid (PTA) are popular room-temperature staining 

mechanism that have been shown to preferentially stain one polymer in various block 

copolymer systems46,59-61.  

Atomic force microscopy is another characterization technique that can be used to 

analyze nanostructure of the latex. AFM uses a small, sharp tip on the end of a cantilever 

that rasters across the surface of a sample to analyze topography and composition62. 

Tapping mode AFM is a nondestructive method used to probe surface characteristics of 

compliant samples such as polymers and biological materials63-66. In tapping mode, the 

tip and cantilever are driven to oscillate near its resonant frequency. When the tip 

approaches the surface, tip-sample interactions cause the oscillation amplitude to 

decrease. A constant reduced amplitude is maintained by a feedback mechanism that 

controls the distance between the tip and the surface68. The feedback measures 

topography of the sample. Furthermore, the phase of the resonating cantilever is sensitive 

to tip-sample interactions, which allows changes in composition to be mapped. 

Differences in modulus, viscoelasticity, and other material properties across the sample 

will be reflected in the phase imaging, making AFM ideal for use in characterizing block 

copolymer systems63-69.  
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2.2 Materials and Methods 

Block copolymers are synthesized via nitroxide mediated-controlled radical 

polymerization (NMP) at Arkema Inc.  To begin synthesis, butyl acrylate (BA) monomer 

is polymerized to 80-90% conversion with a difunctional initiator to form a ‘living’ 

poly(butyl acrylate) (PBA) chain. The ‘living’ chain is inactive below 90°C, such that the 

radical on the polymer chain is bonded with the SG1 radical so it can not further react 

with monomer present in the system. The remaining monomer is then polymerized to a 

homopolymer at a temperature below 90°C using a free radial initiator. This process is 

called chasing. After converting all residual BA to a homopolymer, the temperature is 

increased as methyl methacrylate (MMA) monomer is added. The MMA is polymerized 

onto the ends of the living PBA chains to 80-90% conversion and the residual MMA is 

then chased. 

Film formation studies were done on triblock copolymers of poly(methyl 

methacrylate)-b-poly(butyl acrylate)-b-poly(methyl methacrylate) (PMMA-b-PBA-b-

PMMA). These triblock copolymers were synthesized at Arkema Inc. as described above 

and are typically used as tougheners for epoxies. Three different triblock copolymer 

latexes are characterized (Table 2.1). The latex labeled UMN3 has methyl acrylic acid 

(MAA) polymerized into the center block in order to increase adhesion to the substrate. 

In commercial paints, MAA is often employed used in small amounts, typically around 

1%, to improve the colloidal stability of latex50. 
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Table 2.1: Properties of ABA triblock copolymer latex synthesized at Arkema Inc. 

Label Structure % 
solid 

Particle 
size (nm) 

%PB
A 

%PMMA PDI 

UMN-1 MMA-BA-MMA 39.0% 223 50.3 49.7 1.1 

UMN-2 MMA-BA-MMA 37.1% 146 62.6 37.4 1.2 

UMN-3 MMA-BA/MAA-MMA 40.6% 174 61.0 39.0 1.1 

 

Coatings were made on either silicon or polyethylene terephthlate (PET) 

substrates under ambient conditions and characterized using MFFT, SEM, cryo-SEM and 

AFM. Silicon substrates were cleaned by sonicating in alcohol for several minutes and 

drying prior to use. On silicon, coating thickness was controlled by spreading a set 

amount of liquid onto the substrate. Low viscosity suspensions allowed level spreading 

across the substrate. On PET, wire-wound rods were used to make coatings and control 

thickness.  

The MFFT is a quick and common way to study film formation by drying the 

coating on a temperature gradient bar22-25. ASTM standard test D2354 gives the standard 

process for determining the MFFT of a film.  A coating is applied to a flat metal plate 

using a 75 µm cube applicator and dried on the temperature gradient bar with 4L/min of 

dry air blown across. Macroscopic inspection of the coating will reveal the MFFT to be 

the temperature at which the coating dries to form a transparent film rather than an 

opaque, brittle film.  

A Hitachi FE-SEM was used to view cross-sections and surfaces of fully dried 

films. For cross-sectional imaging, brittle fracture is necessary to ensure that the 

microstructure does not change or distort by elastic deformation. At low temperatures, 
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brittle rather than ductile fracture of the polymer coatings is ensured, so samples to be 

viewed in cross section were fractured under liquid nitrogen. Samples were mounted onto 

standard Hitachi SEM holders using carbon tape. Whether viewing the cross section or 

the surface of the coating, a 50Å layer of Pt was sputter coated onto the exposed surface 

to reduce charging.  

Cryo-SEM studies were performed by plunge freezing and high pressure freezing 

as described in chapter 1. For high pressure freezing, specimens 0.3 mm thick were 

vitrified. Water was sublimed away from the sample for 5 minutes at -96°C. Samples 

were then coated with 8 nm of Pt to prevent charging of the sample. Images were taken in 

a Hitachi S-900 FE SEM. For plunge freezing, samples were prepared in cross-section 

exactly as illustrated in chapter 1. 

Since SEM cannot distinguish between two different polymers, staining is 

necessary to get contrast between the different polymer blocks. PTA stains were 

attempted according to the procedure outlined by Ruzette60. Aqueous solutions of 2 and 3 

wt % phosphotungstic acid (H3PO4-12WO3 ) were made and heated to 60°C. TEM copper 

grids with thin sections of copolymer film on PET were floated in the solution for 2 

minutes.  Imaging was carried out using a JEOL JEM-1210 TEM. 

AFM was performed on a Digital Instruments Nanoscope III Multimode in 

tapping mode. Imaging surfaces of coatings in AFM requires mounting of the sample on 

standard AFM sample holders using double sided scotch tape®. To image the cross 

section of coatings, the sample was first dried on PET under ambient conditions. The 

sample was then embedded in epoxy using a Poly/Bed® 812 Embedding Kit following 
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the manufacture’s procedure. The epoxy surrounding the sample was then sliced into thin 

cross sections with a Leica EM UC6 ultramicrotome. The slices were mounted on 

standard AFM mounts and imaged. 

 
2.3 Results and Discussion 

The MFFT of all three films was 0°C as determined by the ASTM standard 

method. PBA is a low Tg polymer; it can form a film even at low temperatures. However, 

PMMA latex is not film forming unless at high temperatures. Such a low MFFT indicates 

that for all three BCP latexes, PBA chains are mobile enough to deform particles and 

coalesce even with the presence of 50% PMMA and at low temperatures. Crack-free, 

optically clear films formed on both PET and Si substrates. Figure 2.5 shows cross 

sections of films on PET and Si substrates. There were no discernible topographical 

features on films of UMN1, UMN2 or UMN3 that could help indicated a dissimilarity 

between blocks of PMMA or PBA, and no latex particles are evident.  

Surface images of each film in SEM give more insight into film formation (figure 

2.6).  Films made on PET substrates were about 50 µm thick for each sample. Particle 

boundaries are observed on surface images, but not cross sectional images. As described 

in Chapter 1, during film formation Van der Waals forces and capillary forces from 

pendular rings cause particle deformation and coalescence16. However, the particles at the 

surface of the coating do not have forces causing them to deform at the air water 

interface. Hence surface particles may undergo less compaction and coalescence. 
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Figure 2.5: Cross-sectional images of coatings UMN1, 150µm thick on Si (top) and 
UMN1, 200µm thick on PET (bottom). 
 
            At high magnifications of the surfaces one can see differences between each film. 

For UMN1, the latex particles appear as distinct entities, and there are small gaps 

between the particles although the coating has fully dried. In coatings of UMN2, particle 

outlines are still visible, but are much more difficult to distinguish. There are fewer gaps 

than in the coating of UMN1. This can be attributed to the larger percentage of PBA 

present in UMN2 compared to UMN1. PBA has a glass transition temperature of -49°C 

and a low elastic modulus compared to PMMA, which has a Tg of 114°C and a modulus 

equal to 2.2 GPa. Particles with more PBA present deform and coalesce more easily. 

UMN3 looks similar to UMN2 in that the particles are only vaguely distinguishable. This 

is expected since UMN3 and UMN2 contain the same ratio of PBA to PMMA. However 

the UMN3 coating has many small surface cracks. Macroscopically, these cracks are not 

visible. Further investigation is required to study the cause of this cracking. 
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Figure 2.6: SEM images of UMN1 (top) UMN2 (middle) and UMN3 (bottom) 50µm thick 
films made on PET substrates. 

 
Since there was no discernable difference between the different blocks in the 

coatings using SEM, PTA stains were attempted to distinguish PBA from PMMA. 

However, the staining method did not successfully stain either block, and other 

characterization techniques such as AFM were utilized in order to differentiate each 

polymer in the coating. 
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Figure 2.7: AFM cross-sectional phase images of 60µm thick UMN1 films on PET 
substrates. Films dried under ambient conditions (top) annealed in a convection oven for 
24 hours at 60°C (bottom).  
  

Cross sectional AFM phase contrast images of UMN1 films were investigated 

(figure 2.7). No particle boundaries are evident indicating full coalescence of the 

particles. The light areas of the image show regions of PMMA, while the darker areas 

correlate to PBA. There appears to be some unordered phase separation on the scale of a 

few nanometers. After annealing the films for 24 hours at 60°C, a small change in 

domain was noticed, suggesting that the films are not in their thermodynamic 

equilibrium. It is possible that annealing at higher temperatures or for longer times would 

result in a lamellar structure, which is predicted to be the thermodynamic equilibrium 

structure. 
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Figure 2.8: AFM phase images (right) and height images (left) of 60µm thick films of 
UMN1 (top) and UMN2 (bottom).  
 

Surfaces of 60 µm thick films of UMN1, UMN2 and UMN3 on PET substrates 

were inspected using AFM (figure 2.8). Again, PMMA is shown as the lighter area in the 

phase images while PBA is darker. Some of the darker areas are a result of height 

differences. Whether the dark is caused by PBA or height difference can be determined 

by comparing phase and height images. If there is not a large height difference 

corresponding to the dark area in the phase image, then that area is presumed to be PBA. 

As previously noted in SEM images, particles are discernable in films of UMN1 because 

of its lower content of PBA. Films of UMN1 are primarily PMMA at the surface. In films 

of UMN2 and UMN3, particle boundaries are evident, but the particles are clearly more 

deformed against each other, and there is more PBA at the surface of the coatings, 
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perhaps due to the higher percentage of PBA available. Having PBA at the surface of 

particles may be beneficial for coalescence and allow easier deformation of the particles.  

AFM cross-section images showed small, phase separation in the final coating. 

Visually, it is difficult to tell if the separation is ordered in any way and it is necessary to 

do further tests. The order-disorder transition temperature (TODT) indicates the 

temperature at which a polymer goes from an ordered state to a completely disordered 

state. The TODT was also measured for bulk UMN1 and UMN2 using an ARES 

rheometer. No TODT was measured, indicating one of two scenarios: (1) the film is 

ordered and the structure remains ordered until the polymer begins to decompose at high 

temperatures, or (2) the film is disordered. Combining TODT data with AFM images 

indicates that the films of these BCP latexes give disordered phase separation on a scale 

of a few nanometers. 

Block copolymer latex particles have been shown to form films with ordered 

microstructures49. However, in this case it was seen that BCP films made from 50/50 and 

60/40 ratios of PBA/PMMA were disordered, although some phase separation on the 

order of several nanometers was noted. Now it is of interest to study the intermediate 

stages of film formation. Cryo-SEM can be used to visualize the microstructure of the 

film through the drying process. 

High pressure freezing allows visualization of the suspension of particles (figure 

2.9). At low magnifications, particles are close together with some cracks appearing 

through the suspension. Pull-outs of particles can be glimpsed within the cracks. The 

cracks and pull-outs are both artifacts of freezing. At higher magnifications, the space 
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between particles is clear and strings on top of and connecting the particles are noticed. 

The ‘strings’ are likely surfactant. No significant difference was noticed in the 

suspensions of the three triblocks studied, but the particles are distinguishable and 

pullouts are noticeable. The banding of light and dark across the higher magnification 

images is due to charging of the sample from the electron beam.  

Figure 2.9: Cryo-SEM of UMN3 suspension prepared by high pressure freezing. 

Plunge freezing and Cryo-SEM was also used to characterize the three stages of 

film formation of this latex. While the nanostructure cannot be distinguished in these 

images, these studies have given insight into the film formation of this particular latex. 

Films of UMN1 were dried on silicon substrates, vitrified and viewed with cryo-SEM 

according to the procedure outlined in chapter 1. After 3 minutes of drying under ambient 

conditions, the particles are still well dispersed in the water. After 5 minutes of drying, 

enough water has evaporated to cause the particles to condense together. Later, after 10 

minutes some coalescence can be noted, as particle interfaces become indistinguishable 

(figure 2.10). Films of UMN2 and UMN3 gave similar results and all three stages of film 

formation were confirmed to occur for all three films, although the role of each polymer 
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is still unclear. Thus, for the first time intermediate stages of film formation were 

characterized in BCP latex coatings. 

Figure 2.10: Cryo-SEM images showing film formation of 20 µm thick coatings of UMN1 
dried 3 minutes (top left), 5 minutes (top right) and 10 minutes (bottom left) 
 
 Because of the curved interface at the edge of coatings, a process called lateral 

drying is known to occur. This is a phenomena in which edge-in drying occurs (i.e. the 

edge of the sample dry before the center of the sample) due to the higher rate of 

evaporation at the edges. In industrial samples, the effects of lateral drying are small due 

to the large area of the sample. However, effects of lateral drying must be taken into 

account when working with coatings on a small scale. In cryo-SEM, this process can be 

seen macroscopically during sample preparation as the edges of the sample become 
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transparent while the center of the coatings remains opaque. More detail about lateral, or 

edge-in drying is discussed in chapter 4.  

 

Figure 2.11: Cryo-SEM images of a UMN2 coating. A low magnification image (top left) 
shows lateral drying of the sample. Images taken near the top surface are consolidated 
(b,d), while images taken closer to the substrate are still dispersed (c,e). At the edge (e) 
particles have already undergone some coalescence. 

 

Under the microscope, lateral drying allows different stages of drying to be seen 

in a single sample (figure 2.11). The low magnification image in figure 2.11 demonstrates 

the droplet shape of coatings on small substrates. The coating is thickest in the center and 

tapers off toward the edges. Images taken near the free surface of the coating show 

particles consolidated together. Particles are still dispersed in water towards the center of 

the coating show. As water evaporates, particles concentrate at the surface of the coating 

first. As drying continues, the consolidation front moves further into the coatings until the 

particles are close packed. At the perimeter of the coating where evaporation occurs 

fastest, particle boundaries are indistinguishable, indicating that there is some 
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coalescence at the edges. This is expected since this is the thinnest part of the sample, 

where the film dries the fastest.  

 
2.4 Summary and Future Work 

The stages of film formation in a latex have thus been characterized for acrylic 

triblock copolymers in cryo-SEM. Film formation of the nanostructed latex is in 

agreement with literature and undergoes the three stages of consolidation, compaction 

and coalescence. The nanostructure of the final film was investigated and shown to phase 

separate on a scale of several nanometers. The phase separation was not ordered. Now to 

study the nanostructure through intermediate stages of film formation it is necessary to 

use other techniques to characterize the film such as staining in electron microscopy and 

time sectioning AFM.  

To study the particle morphology before drying occurs, TEM is a common 

method that is used frequently for composite structures7. As previously mentioned, 

staining is necessary to distinguish between the two polymer blocks. Then, the latex 

particles can either be placed directly on a copper grid, or embedded in epoxy to be 

microtomed. Using an ultramicrotome allows the internal structure of the particles to be 

viewed in cross-section.  

 Staining a block copolymer of PMMA-b-PBA can be tricky because of the 

similarity in the chemistry of acrylates. However, it has been shown that phosphotungstic 

acid stain acts as a negative stain, diffusing into the PMMA block, but not the PBA. 

Some studies have shown that benzyl alcohol assists as a dying agent in this method69. 

Another study has shown that ruthenium tetroxide reacts slightly faster with butyl 
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acrylate than with methyl methacrylate, giving a positive stain to the PBA block. 

However, only one study has shown this stain to work and other studies have not found 

similar results59. Since staining techniques for PBA-PMMA systems are tricky, in order 

to enhance staining it may be possible to incorporate some styrene into the butyl acrylate 

phase. It has been shown that if less that 30% styrene is copolymerized with butyl 

acrylate, the microstructure will not be affected by its addition. Because styrene reacts so 

readily with ruthenium tetroxide, the small amount of styrene in the butyl acrylate phase 

can allow for easier staining59. 

 Cryo-SEM has already been shown to be a reliable method to study film 

formation of latex films. Although the different polymer blocks cannot be distinguished 

in electron microscopy, it may be interesting to incorporate staining techniques into the 

cryo-SEM methods. It may be misleading to stain the latex before freezing and then make 

a coating, because the effects the incorporated stain may have on film formation is 

unknown. Some staining may be attempted at cryogenic temperatures, but because most 

stains work according to either a diffusion mechanism or a chemical reaction, the odds 

that the stain will occur are small at such low temperatures.  

 If staining at cryogenic temperatures is not feasible, new techniques using atomic 

force microscopy can be attempted. While atomic force microscopy is a surface 

characterization technique, the internal structure of particles and films can be determined 

by viewing the cross-sections. AFM is advantageous because it can easily distinguish the 

two different polymer domains. Time sectioning AFM can be used after the film has gone 

through compaction. As with cryo-SEM, the structure can be vitrified in liquid ethane, 
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fractured and excess water can be sublimed from the surface. The sample can then be 

returned to room temperature and embedded in epoxy, as done for cross-sectioning of 

fully formed films, and sectioned using an ultamircotome to expose a smooth surface. 

All three BCP latex showed complete film formation, going through the 

characterized stages of consolidation, compaction and coalescence. AFM and TDOT data 

showed that the films did not form order structures, and phase separation occurs on a very 

small scale. The three latexes showed very similar behaviors with only slight differences 

between the three. Films with higher amount of PBA started to deform and coalescence 

earlier, and films with more PMMA did not completely coalesce at the surface of the 

coatings.  
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Chapter 3: Polymer Latex Blends 
 
3.1 Introduction 
 

Another method of achieving complex nanostructures within latex particles is to 

use polymer blends7. In a block copolymer, polymer A and polymer B are covalently 

bonded; in a blend, polymer A and polymer B are mixed together, but not covalently 

bonded. The goal of this chapter is to study blended latexes, synthesized at Arkema Inc., 

and correlate microstructure development to stress and cracking in the coating.   

Stresses develop in coatings as they dry on a substrate, and there are several 

possible origins for the source of stresses. For latex coatings, solidification occurs due to 

water evaporation and the volume of the coating decreases. Because the coating adheres 

to the rigid substrate, shrinkage from water loss can only occur in the thickness direction. 

This causes a bi-axial in plane tensile stress to develop in the coating1, 70-74. Another 

source of stress comes from capillary pressure gradients that form during drying of 

colloidal films75, 76. As water evaporates from the surface, a curved meniscus forms 

between particles at the air-water interface, inducing a pressure difference across the film.  

As the coating dries, it can shrink freely in the z direction, such that σzz = 0. The 

shrinkage creates an in-plane stress for the coating with components σxx and σyy, which 

can be related to the strain components εxx and εyy. If the coating has isotropic properties, 

then εxx = εyy = ε and the stress can be expressed as a function of the strain, ε, as shown in 

equation 3.1 where E is the elastic modulus and ν is the Poisson’s ratio 
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 The stress, σ, is a biaxial in-plane stress that is averaged through the thickness of 

the coating. Other stresses such as peeling and shear stresses are concentrated around the 

perimeter of the coating. Using a substrate that has a length and width much greater than 

the thickness of the coating allows peeling and sheer stresses to be taken as negligible77. 

For high temperature applications, thermal stresses may also develop in the system due to 

a mismatch of the coefficients of thermal expansion of the substrate and the coating; 

however, these stresses can be neglected for room temperature applications71.  

One method of measuring the stress that develops in a coating uses a cantilever 

deflection technique. As stress develops in a coating, a flexible substrate will respond to 

the stress and deform accordingly. By measuring the curvature of the substrate, the stress 

in the coating can be determined73. 

Stoney’s classic beam theory relates the stress to the deflection of the cantilever 

beam under uniaxial conditions in equation 3.2 where Es is the Young’s modulus of the  

                                                     
2

2

3cL

dtE
s=!                                                 (3.2) 

substrate, t is the substrate thickness, d is the deflection of the cantilever, c is the coating 

thickness and L is the length of the substrate73. In this derivation, it is assumed that 

coating and substrate moduli are approximately equal, that the coating thickness is much 

less than substrate thickness, and that the coating stress is not reduced significantly by the 

bending of the cantilever. The latter assumption is valid for rigid substrates such as glass, 

steel, silicon, etc.   

Using plate theory by Timoshenko and Gere, Corcoran modified Stoney’s 

equation to relate the deflection of the substrate to the stress under a biaxial stress state 
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where vs and vc are the Poisson’s ratios of the substrate and coating respectively. In this 

equation the second term accounts for stress relief due to bending of the cantilever, but 

this term can be neglected if the assumptions used during derivation (outlined below) are 

met. For polymer coatings, the assumptions are reasonable and the second term can 

usually be neglected73, 74. 

The derivation of equation 3.3 uses several key assumptions. First, the thickness 

of the coating must be small relative to the thickness of the substrate. The coating must 

undergo uniform stress, and the substrate and coating must have isotropic mechanical 

properties. Good adhesion must exist between coating and substrate.  The deflection of 

the cantilever beam should be spherical, and the spherical bending for both substrate and 

coating must be within the elastic limits of the materials. Finally, the deflection of the 

coated beam must be much smaller than the thickness of the substrate. 

The stress in this equation is an in-plane biaxial stress averaged across the coating 

thickness, and the coating must undergo uniform stress for equation 3.3 to be valid.  

Hence any variation in stress through the coating thickness or laterally across the 

substrates cannot be taken into account using this measurement technique.  

For colloidal systems, stress development has been measured using substrate 

deflection techniques and tensile stress build up has been attributed to capillary forces79-

84. Chui and Cima studied nondeforming alumina particles and found that maximum 

stress was inversely proportional to particle size79.  They also found that for films with 

added surfactant, the surface tension was decreased and along with the maximum stress. 
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Since capillary pressures that build up in the system are inversely proportional to particle 

size and proportional to surface tension, these findings support a capillary pressure origin 

of stress. Several studies have also connected capillary stresses to the start of cracking for 

colloidal suspensions76, 79,85,86.  

For coatings that crack, a critical cracking thickness, below which cracks do not 

form, can usually be determined. The Griffith energy criterion states that the energy 

released during crack formation must be greater than the energy required to create two 

new surfaces. Using the Griffith criteria, Tirumkudulu predicted a maximum thickness 

for continuous crack-free films and showed the thickness to be independent of particles 

size and decrease as elastic modulus increases75.  

Stress evolution of latex coatings has been previously studied35, 70,87-90. Several 

studies have found an initial, mild compressive stress that later develops into a large 

tensile stress and either relaxes or plateaus over time is common for latex coatings35, 89. 

The cause of the initial compressive stress is debated, and the initial compression is not 

always observed. The tensile stress is usually attributed to capillary stresses due to the 

menisci that form between particles, and Roberts has shown experimental evidence using 

cryo-SEM supporting this35.  

Tirumkudulu and Russel studied drying of latex using a cantilever deflection 

technique75. They compared drying of latexes with different particles sizes varying 

between 100-610 nm. For large latex particles, they found similar results to Cima and 

Chui, and attributed stress build up to capillary pressure. They noted that cracks 

nucleated at bubble sites away from the edges of the film and debonding from the 
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substrate occurred shortly after crack formation. For latexes with particles of about 100 

nm, they found that cracks nucleate close to the edge and propagate towards the center of 

the substrate.  For stress measurement of these coatings, they noticed a period of tensile 

stress, followed by a decrease in stress as cracking begins. However, the stress then 

begins to rise and a residual stress is left in the film. Because the increase in stress 

occurred in the presence of cracks and after water had evaporated, they attribute the 

residual stress to either pendular rings, or to the retarded elastic deformation of particles 

in response to Van der Waals forces.75 Pendular rings are small rings of water left 

between the particles as water evades into the coating. 

At Arkema Inc., polymer blend latexes that consist of a polyvinylidene fluoride 

(PVDF) and an acrylic copolymer are synthesized using a two-stage seeded 

polymerization for cool roof applications. These coatings, branded as Kynar AquatecTM, 

have been shown to increase energy savings by using a white polymer coating on 

rooftops to reflect solar energy and reduce heating costs. Arkema’s Kynar AquatecTM 

have been tested to have solar reflectance and emissivity values over 0.80 over a period 

of 7 years allowing them to deflect the suns energy and reduce roof temperature91.  

 Acrylic latexes have low weatherability and low mildew resistance when 

compared with PVDF coatings. For performance and stability, PVDF are preferred for 

cool roof applications. However, higher PVDF content increases the MFFT of the film 

and cracks begin to form when drying at room temperature. To eliminate cracking, either 

the addition of coalescing aids or a higher amount of acrylic is necessary. Blends of 

acrylic and PVDF can give optimal performance without the need for volatile coalescing 
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aids, but the microstructure and film formation in this system is not fully understood. For 

these complex latexes, the stress buildup, microstructure formation and cracking are 

compared for two blends. Cryo-SEM and stress measurement apparatus are used in 

conjunction to correlate microstructure formation with stress and cracking 

 
3.2 Materials and Methods 
 

A 70:30 and a 50:50 latex blend of PVDF:acrylic was synthesized at Arkema and 

characterized at the University of Minnesota to study its film formation. For simplicity, 

no additives (coalescing aid, pigment, etc.) were used. Both latex systems have particle 

sizes of about 100 nm and 40 volume percent solids. The 70:30 blend has an MFFT of 

28°C and the 50:50 blend has an MFFT of 10°C such that at room temperature the 70:30 

blend cracks and the 50:50 blend forms a continuous film. Table 3.1 summaries this 

information about the two latexes. 

Table 3.1: Properties of two latex blends synthesized at Arkema Inc.  
Ratio of PVDF: 
acrylic in latex 

MFFT 
(°C) 

Particle Size 
(nm) 

Volume of 
Solids (%) 

Mechanical 
Properties 

Cracks? 

70:30 28 100 40 Good Yes 
50:50 10 100 40 Poor No 

 
 PVDF is a semicrystalline polymer with a Tg = -20°C and a melting temperature 

(Tm) of 155°C. The acrylic copolymer is a mix of poly(methyl methacrylate) and 

poly(butyl acrylate) with a Tg = 50-60°C. A small two-seeded polymerization allows for 

a blended morphology of PVDF and acrylic within each particle with the PVDF about 8-

10 % crystalline as verified by nuclear magnetic resonance (NMR) and differential 

scanning calorimetry (DSC) data performed at Arkema. 
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A controlled environment stress measurement apparatus, shown in figure 3.1, was 

design by Payne for experimental studies and later modified by Vaessen70,92. The 

apparatus is equipped with three chambers: coating chamber, chilling chamber, and 

drying chamber. For solvent and corrosion resistance, each chamber is made of stainless 

steel. In these studies, the chilling chamber was not used.  

Figure 3.1: Schematic of stress measurement apparatus73 

In the coating chamber, a rigid substrate is drawn through a blade coater. The 

substrate is typically a clean 60 X 6 mm silicon wafer with 15 mm clamped down, 

making the effective coating area 45 X 6 mm. The speed of the blade coater can be 

adjusted, but was fixed to 0.70 cm/sec in these studies. Once coated, the substrate is 

quickly moved to the drying chamber where a laser beam is used to measure the 

deflection of the substrate as the coating dries. The laser reflects off the bottom of the 
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substrate to a position sensitive detector (PSD). As the substrate deflects, the laser spot 

shifts on the PSD and the movement correlates to the amount of deflection. Adjusting the 

temperature, humidity and rate of airflow inside the drying chamber controls drying rate. 

In these studies, coatings were dried under ambient conditions, i.e. at room temperature 

with between 10-20 % relative humidity. Pumping nitrogen gas into the chamber 

controlled humidity. 

It is important to note that only average stresses can be measured using this 

apparatus. Variations in stress through the thickness of the coating or across the plane of 

the coating cannot be distinguished. Hence the stresses measured here are an average 

stress of all the stresses present at any given time through the thickness and laterally 

across the coating.  

It was demonstrated in chapter 1 and has been seen throughout literature that 

lateral drying occurs for coatings on small substrates. More details about lateral drying 

are discussed in chapter 4. For now, it is sufficient to note that drying occurs fastest at the 

edges of a substrate and causes a lateral flow of liquid and particles toward the edges of 

the coating. Lateral drying takes place during all stress evolution measurements. With 

lateral drying a latex film can undergo all three stages of film formation at one time, 

convoluting stress measurement results. 

Cryo-SEM studies were also performed on the latex blends. Substrates were 

prepared by plunge freezing and viewed in a Hitachi FE-SEM as described in chapter 1. 

Both the surface and cross-section of coatings were viewed in cryo-SEM. To view the 
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surface, fracture of the coating was skipped, and sublimation time was reduced to 5 

minutes. Other parameters remained the same. 

3.3 Film Formation of Blends 
 
 Macroscopic drying of the 50:50 and 70:30 latex coatings was observed. While 

most films that crack have a critical cracking thickness, 70:30 films cracked at all 

thickness greater than a monolayer of particles. SEM images of fully dried films show 

that particles are still discernable (figure 3.2), indicating that the 70:30 blend doesn’t 

coalesce. On small substrates, lateral drying is seen to occur. Cracks initiate near the edge 

of the coating and propagate toward the center perpendicular to a drying front. On larger 

substrates, lateral drying effects were not as drastic and more uniform drying occurred 

giving way to different cracking patterns.  

 

Figure 3.2: SEM images of a 20µm thick 70:30 coating on PET substrates. 

The 50:50 blend has a higher amount of soft latex and an MFFT below room 

temperature. Thus we expect to see fully coalesced films. Cryo-SEM was performed and 
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the three stages of film formation were observed (figure 3.3). All three stages were 

observed in a single sample, depending on which area within the coating was being 

viewed. At the edges where drying occurs fastest, particles boundaries were indistinct, 

indicating some coalescence. Moving toward the center, particles were seen deformed 

against each other. In the center of the coating the particles were consolidated but still 

retained their shape.  This demonstrates that the 50:50 latex blend is capable of 

deformation and that all the stages of film formation may occur at once. This can cause 

obscurities in stress measurement data. 

Figure 3.3: Cryo-SEM cross-section images of a 50:50 blended latex. The stages of film 
formation are shown for a 50µm thick coating that was dried for 10 minutes. 
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Figure 3.4: Cryo-SEM images of the surface of 30µm thick 70:30 coatings on Si 
substrates dried for 5 minutes (left) and dried for 9 minutes (right). Cracking occurs 
while water is still present in the system. After cracks form, the coatings continue to dry 
and particles can deform against each other. 
 
 

Cryo-SEM was performed on 70:30 latex films to study cracking (figure 3.4). It 

was found that cracking began early in the drying process, before deformation occurred,, 

but while water is still present between the particles at the surface. Deformation of the 

particles did occur after cracks had formed, although particles did not deform to a great 

extent and did not coalesce at all.  

A summer undergraduate, Bahareh Barzegar performed studies analyzing the 

effect of adding more acrylic to the 70:30 blends. By adding pure acrylic particles to the 

70:30 blends, she increased the ratio of acrylic in the system without changing the 

structure of the particles. Figure 3.5 demonstrates how ratio was changed and compares 

  1 um 1 um 

 
  5 um 3 um 

 

water deformation 
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latexes of particles blends to mixes of latexes. It was found that a 65:35 blend of 

PVDF:acrylic decreased the MFFT to 18°C, a 60:40 blend had an MMFT of 6°C a 55:45 

blend had an MFFT of 2°C (table 3.2). Recall that films from 50:50 blends of 

PVDF:acrylic with all the acrylic content inside the 100 nm particles (i.e. no pure acrylic 

particles added to the system) had an MFFT of 10°C. Increasing the amount of acrylic, 

decreased the MFFT of the system, but the MFFT decreased less when acrylic was 

blended into the particles. This indicates that particle morphology plays a role in film 

formation.  

Table 3.2: MFFT of films of varying rations of PVDF:acrylic.  
Ratio of PVDF: acrylic Type of latex MFFT (°C) 

70:30 Blend 28 
65:35 Mix 18 
60:40 Mix 6 
55:45 Mix 2 
50:50 Blend 10 

 
 
 

 
Figure 3.5: Differences between a blended and mixed latex. Latex blends (left, center) 
consist of two immiscible polymers within a single particle. A mixed latex is two separate 
latexes combined. In this case, a blended latex is mixed with a pure acrylic latex. 
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3.4 Stress Measurement of Blends 

Stress measurements were performed on both 70:30 and 50:50 latex blends. For 

50:50 blends (figure 3.6), stress was found to increase slowly at the beginning stages of 

drying and then plateau after 10-30 minutes. Coatings did not crack and the time until 

plateau correlates roughly with coating thickness. Like other colloidal systems, capillary 

pressures may be part of the stress increase as water evaporates from the edges inward, 

but stress is relieved by deformation of the particles as shown in cryo-SEM images. 

Constrained shrinkage is a likely explanation for the rise and residual stress.  

 For 70:30 blends (figure 3.7), a similar trend in stress evolution was seen. Stress 

increases in the beginning and then slowly begins to level off. However, in a few of the 

measurements a sharper peak evolves with a steeper increase and decrease in stress 

before the stress level in the coating plateaus. The stress levels in the 70:30 films were 

comparable to stress levels found in 50:50 films. Stress in the 70:30 latex is also likely 

due to constrained shrinkage. 

The small and sharp peak found in some stress evolution curves of 70:30 latex is 

reminiscent of stress curves for coatings where deformation does not occurs and the 

stress mainly attributed to capillary forces79-82. The small peak increases in stress only 

about .02 MPa before relaxing again, making detection difficult. The peak wasn’t 

measured for all runs. The rapid rise and fall of stress is possibly due to capillary pressure 

since particles of 70:30 latex don’t deform quickly, but to verify this further studies are 

needed.  
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Figure 3.6: Stress evolution curves of 50:50 PVDF:acrylic blend coatings on silicon 
substrates for a variety of coating thickness. 
 

 

Figure 3.7: Stress evolution curves for 70:30 PVDF:acrylic latex coatings of various 
thicknesses on silicon substrates. 
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3.5 Summary and Future Work 

 Stress measurement and cyro-SEM were used to study the film formation of two 

latex blends with varying ratios of PVDF and acrylic. Coatings of blends with high ratios 

of PVDF to acrylic tended to crack at all measured thickness at room temperature. SEM 

showed that particles take a long time to deform and don’t coalesce. As the amount of 

acrylic increased the MFFT and cracking in the film decreased. Films with the same ratio 

of PVDF:acrylic but with acrylic added in different ways (one with a 50:50 ratio within 

the particle and one with pure acrylic particles added to give a total ratio of 50:50) 

showed differences in MFFT, indicating that particle morphology plays an important role 

in film formation.  

The difference in films made from latex blends and latex mixes can be further 

studied by researching the difference in mechanical properties of films made from each. 

It would also be of interest to use staining techniques in SEM and TEM to study the 

particle morphology. Cryo-SEM can also be used for blends with pure acrylic particles 

added to characterized how the particles effect film formation.  

 Cryo-SEM showed that 50:50 latex blends completed film formation. 

Consolidation, compaction and coalescence were imaged. In films of the 70:30 latex 

blend particles were seen to deform, but not coalesce. Cracks were shown to form early 

during drying, while water was still present in the system, and particles then deform after 

cracking. Cracking phenomena can be further studied by correlating cryo-SEM images to 

stress measurements results.  
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Stress measurement curves revealed that stress increases for about 10-15 minutes 

in the coatings before leveling off, leaving a residual stress in the coating. Coatings of 

blends with more acrylic (50:50) formed optically clear crack free films and completed 

the stages of film formation as verified in cryo-SEM. Stress evolution curves showed that 

stress increases slowly and a residual stress was left in the film. This stress is most likely 

due to constrained shrinkage, and was on the same order of magnitude of stress in 70:30 

blends.  

 In order to get more accurate stress evolution curves, glass substrates can be used. 

Vaessen showed that for polymer coatings that develop small stresses during drying, 

glass can deflect because it has a lower modulus. This will result in more accurate 

stresses70. Also, lateral drying fronts can be reduced to give more accurate data since the 

data measured here is an average stress both laterally and transversely through the film. 

The next chapter introduces some possible methods to reduce laterally drying.  
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Chapter 4: Lateral Drying 
 
4.1 Introduction 
 

Many of the experimental techniques used to study microstructure formation of 

complex latexes use relatively small substrates. On large substrates, edge effects can 

typically be ignored, but as substrate size decreases coatings no longer dry uniformly 

because of their droplet shape. Instead of top-down uniform drying, the coating typically 

dries at the edge first and a drying front moves toward the center of the substrate as first 

reported by Hwa93 , Sheetz14, and Croll13 (figure 4.1). This process is known as lateral 

drying. 

As demonstrated in chapter 2 and 3, lateral drying can convolute data taken from 

techniques that require small substrates. Lateral drying especially effects stress 

measurement, where average stresses are measured throughout the coating. While lateral 

drying of coatings has been recorded and studied extensively there are surprisingly few 

attempts made to eliminate edge-in drying to make coatings that dry uniformly94-99. It is 

the goal of this chapter to examine methods of reducing lateral drying to aid in the studies 

of film formation of complex latex. 

Lateral drying can be visualized macroscopically by a change in turbidity in the 

coating (figure 4.1). The coating goes from opaque to transparent to clear, resulting in 

three distinct drying fronts. The three regions are characterized as a wet region of 

dispersed latex, a intermediate region of flocculated latex and a dry region. These regions 

appear milky or opaque, translucent with some turbidity and transparent, respectively79-

84,93.  
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Figure 4.1: Cartoon of lateral drying of a colloidal coating on a small substrate (left) 
and visualization of the three regions that can be seen during lateral drying (right) 
 

Sutanto et al. studied lateral drying fronts and further characterized the drying 

regions94. He defined a consolidation front, a dry-out or air invasion front and a pore 

vanishing front (figure 4.2). The consolidation front occurs first as particles pack together 

where the coating is thinnest. Near the edges, there is less resistance to vapor phase 

transport, which enhances drying and allows particles to consolidate quickest there. A 

consolidation front moves edge-in driven by convective flow from curved menisci 

between particles at the edge with low pressure beneath. The air invasion front following 

the consolidation front separates water filled pores and air filled pores. The pore 

vanishing front occurs only for deformable, low Tg latex, and is caused by the 

deformation of particles and disappearing pore space.94 
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Figure 4.2: Model of lateral drying. (Adapted from Salamanca95) 

 It has been observed that drying occurs fastest at the thinnest area of the 

coating7,96,71. Faster drying near the edge has been attributed to the high surface area at 

the curved liquid/air interface, which allows for fastest evaporation71. As water 

evaporates during drying, curved menisci begin to form between particles. Similar to top-

down drying, a capillary pressure results from the curvature and exerts a force pulling 

particles together, until maximum packing is achieved. As drying continues, water 

recedes further into the pore spaces between the particles. During lateral drying this 

process occurs edge-in rather than top-down as pore emptying occurs from the outer edge 

and proceeds toward the center. The solids fraction remains close to the initial value at 

the center, while particle packing happens first at the edges and moves its way inward. 

Transport of both particles and water from the center to the edge has been reported by 

Deegan97 and Ciampi,98. 
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A number of modeling attempts have been made to understand the lateral drying 

process completely. Routh and Russel developed a model using lubrication 

approximation to capture the drying front13. In this model, particle deformation is 

ignored, but the position of close packed particles and the recession of solvent into the 

film are tracked. They predicted propagation of the drying front caused by continued 

evaporation from a close-packed region at the edges of the coating where the thickness is 

smallest. There is a flux of solvent through this close packed region that carries particles 

along and moves the drying front inward. They predicted that the time until a water front 

recedes from the sample edge to increase with surface tension, dispersion viscosity and 

particle size. In other words, large particles, high viscosity and high surface tensions are 

desirable for top-down rather than edge-in drying.13 

Salamanca95 set forth to experimentally test the Routh and Russel model using 

magnetic resonance microscopy to measure water concentration spatially through the 

film. They used high Tg latex to ensure no particle deformation, and predicted that a 

smaller particle size, slower evaporation and greater film thickness would promote lateral 

drying, such that to decrease lateral drying effects, larger particles, smaller thicknesses 

and a faster evaporation rate should be used.95 

Deegan also studied the drying of colloidal droplets97. He found that pinning of 

the contact line of the liquid causes lateral drying. As evaporation occurs, the liquid at the 

edge would shrink inward. However, a pinned contact line causes liquid to flow away 

from the middle toward the edge (figure 4.3). This flow transports water and other 

material in the colloidal suspension laterally as evaporation progresses.97 
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.  

 

Figure 4.3: Without a pinned contact line the droplet shrinks during drying (left). With a 
pinned contact line there is a compensating outward flow of material (right). (Adapted 
from Deegan97) 
 

As previously mentioned, by measuring the bending of a cantilever while a 

colloidal suspension dries, the stress can be determined using equation 4.1. Here σ is the 

in-plane stress of the coating, νs is the Poisson’s ratio of the substrate, Es is the modulus 

of the substrate, t is the thickness of the substrate, d is the deflection of the substrate 

measured at the tip, c is the thickness of the coating and L is length of the coating. In the 

derivation of the equation, it is assumed that stress is constant through the thickness of 

the film and laterally across the substrate. 
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 In real applications, lateral drying causes a propagating drying front in the plane 

of the film along with spatial non-uniformities from an evaporation flux. The laterally 

propagating drying front causes the substrate curvature to vary, directly affecting the 

measurement of the average stress in a coating. The measured deflection is a strong 

function of the position of the lateral drying front75. Thus, different stress evolution 

curves are possible depending on the dimensions of the substrate and the extent of lateral 
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drying in a sample. Inhomogeneous drying fronts cause interpretation of stress evolution 

curves to be difficult, because different parts of the coating are experiencing different 

stresses.  

 Given an infinitely long and wide substrate, evaporation should take place top-

down rather than edge-in, resulting in homogenous drying. However, this is not 

experimentally practical. One method of attempting to reduce lateral drying is to use a 

border along the edges of the substrate to eliminate the droplet shape formed by coatings 

and establish a uniform thickness across the coating (figure 4.4). Lee and Routh 

attempted to reduce later drying by making their coatings in Petri dishes86. Jindal 

successfully applied the concept of a bordered substrate to stress measurement of alumina 

coatings using a rope caulk border on Si substrates88. 

Figure 4.4: Drying of a colloidal suspension on flat (left) and walled substrates (middle, 
right). Contact angle of the wall will effect the drying process. 
 

Thus, lateral drying of particles has been studied, but few attempts have been 

made at a reproducible method to reduce lateral drying. Studying microstructure 

formation and stress measurement of complex latex systems has demonstrated a clear 

need to reduce lateral drying effects on small substrates to get accurate results. As many 

characterization techniques, such as stress measurement and cryo-SEM use small 

substrates, lateral drying effects can have large impacts as demonstrated previously in 
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this work. By eliminating these effects, more coatings can be characterized more 

accurately.  

In these studies, it is attempted to further reduce later drying on small substrates 

using walled substrates fabricated by photolithography. The photoresist act as the wall, 

and bare silicon is the substrate (figure 4.5). These techniques could also be applied to 

glass substrates. Photolithography allows many substrates to be made reproducibly, 

ensuring variation between substrates is minimal.  

  

Figure 4.5: Walled substrates fabricated by photolithography. Bare Si acts as the 
substrate and photoresist SU-8 2100 forms the walls. 
 
4.2 Materials and Methods 

Both polymer latex blends and alumina (Al2O3) particles are used in stress 

measurement and lateral drying studies. The blends used are the same as those describe in 

chapter 3. The alumina coatings were made from 0.4 µm alumina particles dispersed in 

water. Ceralox made the particles with the following specifications: specific surface area 

of 8 m2/g, a green density of 2.21 g/cc, and a fired density of 3.94 g/cc. The alumina 

particles were mixed with distilled water to make a 40 wt % alumina dispersion. The pH 

of the dispersion was adjusted to 4.0 by titrating with nitric acid. The dispersion was then 

 1000 μm 
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ultrasonicated (Model 2510; Branson Ultrasonics Corporation) for 1 hour. The pH was 

readjusted to 4.0 after sonication and mixed with a stir bar for at least 24 hours before 

use.  

On clean and dry Si wafers, standard photolithography techniques are used to 

pattern walls onto substrates. The bare Si wafer serves as the substrate and a photoresist 

acts as the wall to prevent lateral drying (figure 4.5). SU-8 2100 was chosen as the 

photoresist because it has a 90º contact angle with water and is capable of achieving 

thickness > 200 um with a single coating. SU-8 2100 is a chemically and thermally stable 

epoxy based photoresist suited for applications where the photoresist becomes a 

permanent part of the structure. This particular photoresist is capable of high aspect 

ratios, allowing for thick walls to be made to contain the wet coating. 

When fabricating walled substrates the wet thickness of the coating must be taken 

into account. For these applications, wet thickness ≤ 200 um were typically used so SU-8 

2100 was sufficient. However, for thicker coatings SU-8 2150 is capable of thickness up 

to 700 um. For fabrication, the manufacturer guidelines were followed. SU-8 2100 was 

spin coated onto the dull side of a clean, dry wafer at 500 rpm for 10 sec with a 100 

ramp/sec followed immediately by 1500 rpm for 30 sec with 300 ramp/sec. If air bubbles 

were initially prevalent, the resist was heated to 60°C for an hour and returned to room 

temperature before spin coating. The edge bead removal step as recommended by the 

manufacturer was skipped, since the edge of the wafer is not used for the substrates. The 

wafer then sat on a level hotplate for 5 minutes at 65ºC then and for 40 minutes at 95ºC to 

complete the softbake step.  
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Next, the wafer was exposed under a patterned mask to UV light for 60 seconds. 

CAD/Art Services Inc. made the mask by printing black ink onto a transparency 

according to specifications (figure 4.5). For cryo-SEM, 5 X 7 mm substrates are required 

for the sample holder. The mask to pattern substrates for cryo-SEM is therefore a pattern 

of rectangles that gives a coating area of 4 X 6 mm, with 0.5 mm of photoresist along the 

border of each. For stress measurement, 6 X 60 mm substrates are used, and a rectangular 

pattern giving an effective area of 5 X 59 mm is used. Exposure was performed for 60 

seconds using a soft contact method on a Suss Microtech MA/BA-6 contact aligner 

system.  

After exposure, the post exposure bake (PEB) is carried out on a flat hotplate. The 

wafer sits at 65ºC for 5 minutes, followed by 95ºC for 15 minutes. The PEB completes 

the photo reaction that is initiated during development, and also improves the adhesion of 

the photoresist to the substrate.  

The wafer is then developed by complete submersion into propylene glycol 

monomethyl ether acetate (PM acetate) for 15 minutes; the solution is agitated by stirring 

during development. After 15 minutes the wafer is removed, rinsed with fresh PM acetate 

followed by isopropyl alcohol, and dried using pressurized nitrogen. If a white film is 

observed during the isopropyl alcohol rinse, the film was under-developed. If this 

occurred the wafer was resubmerged in PM acetate for another 5 minutes, rerinsed and 

dried. This process would be repeated until fully developed.  

Lastly, a hard bake step was performed. The hard bake is performed when the 

photoresist is to be used as part of the final structure. The hard bake ensures that the 
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properties of the SU-8 do not change during use. The hard bake was performed at 150ºC 

for at least 15 minutes.  

Stress evolution curves were taken according to specifications noted in chapter 3. 

For walled substrates, coatings were prepared by pipetting a controlled volume of liquid 

onto the substrate. Low viscosity latex allowed even spreading across the substrate. Cryo-

SEM studies were performed by plunge freezing and fracturing to view cross-section 

according to chapter 1. Coating thickness was controlled by volume of latex spread onto 

the substrate. Macroscopic images were taken using a Hirox Digital Microscope.  

 

4.3 Results and Discussion 
 

The effect of the walls on stress measurement of coatings was studied 

theoretically using finite element analysis by Rob Shurig99. He found that substrates with 

a border present do not deflect as much as substrates without border, but that coating 

stress is consistent. He predicted that the presence of a border results in a stress 2.73% 

lower than a fully coated substrate, and that 1.67% of the error comes from is due to the 

reduction of area of the coating. The remaining error is presumably the results of some 

stiffness difference provided by the photoresist. A summary of these results is provided in 

table 4.1. A predicted error of less than 3% shows that the walled substrate will not 

drastically affect stress evolution curves.  
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Table 4.1 Summary of FE analysis results of effect of photoresist border on stress 
measurement. (Adapted from Rob Shurig99) 

In-plane Stress Calculated 
from Modeled Deflection 

Von Mises stress plot 

 

 

 

Model Type Average 
Stress (MPa) 

Difference 
from Fully 

Coated Model 

  

Fully coated flat 
cantilever 

9.091 N/A 

  

Cantilever with 
photoresist 

border 8.843 -2.73% 

  

Flat cantilever 
partially coated.  

8.939 -1.67% 

 
  
 Photolithography allowed successful fabrication of walled substrates. Initial 

studies macroscopically compared drying of both alumina particles and polymer blend 

latex particles on walled and flat substrates. For the latex, the 70:30 blend was used to 

compare differences in cracking (Figure 4.6). The evolution in crack formation is starkly 

different on walled vs. flat substrates.  

On flat substrates, cracks initiated slightly away from the edge of the coating and 

propagated perpendicular to the drying front. The cracks grow toward the center 

following the drying front. At regular intervals, cracks would curve until they were 

parallel to the drying front and connect with the nearest crack moving towards the center. 

This observation of cracking pattern is consistent with cracking during lateral drying 

observed in literature85. On walled substrates, a drying front still exists and lateral drying 
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is not completely eliminated. However, cracks did not start forming until much later in 

the drying process, and fewer cracks formed with less alignment with respect to the 

drying front. The large difference in cracking behavior demonstrates how lateral drying 

has a large effect on stress build up and cracking of coatings.  

 Microscopically, it has already been demonstrated in cryo-SEM that on flat 

substrates all three stages of drying can be seen. The edge of the coating may be going 

through coalescence, while the center of the coating hasn’t fully consolidated yet. 

Macroscopically, drying fronts can be seen on walled substrates, but they appear less 

significant that for flat substrates.  

Cryo-SEM was used to test this hypothesis, looking at different areas of the 

coating to compare the stages of drying. Figure 4.7 shows the results of this on both 

walled and flat substrates for the 50:50 PVDF:acrylic polymer blend latex. On flat 

substrates, particles boundaries are less distinguishable at the edges, indicating some 

coalescence. Moving toward the center from the edge, consolidated particles are visible 

and in the center the particles still appear dispersed in the water. On walled substrates, 

particles are consolidated together, but this is consistent from the edge to the center of the 

coating with variation in consolidation depending on the distance from the surface of the 

coating.  
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Figure 4.6: Crack propogation during drying of 70:30 PVDF:acrylic polymer films on 
flat Si substrates (top)and walled Si substrates (bottom) 

 

 

Figure 4.7: Cryo-SEM images of coatings dried on flat (top) and walled (bottom) 
substrates. On flat substrates several stages of drying are noticed, but drying appears 
more consistent throughout the coating on walled substrates.  
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Alumina coatings were also studied on both walled and flat substrates. Routh and 

Russel predicted that thinner coatings would reduce lateral drying for high Tg latex and 

ceramic colloidal coatings13. This finding was confirmed as alumina coatings of varying 

thicknesses were made on both walled and flat substrates. The coatings dried under 

ambient conditions and then the thickness in the center and at the edge of the coating was 

measured and compared. A second set of experiments was done with a similar approach, 

but this time the coatings were dried with air flowing across, increasing the rate of 

evaporation and decreasing drying time. Theoretically, a faster evaporation rate will 

decrease lateral drying effects13. 

 

 

Figure 4.8: Plot of the differences in uniformity of 40 wt % alumina coatings dried on flat 
substrates. Larger coating thicknesses increased nonuniformity. Higher evaporation 
rates also decreased nonuniformities. 
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Figure 4.9: Plot of the difference in uniformity of coatings on walled substrates. Walls 
were fabricated to be 200 µm thick. Coatings with thickness > 20 µm showed good 
uniformity. Evaporation rate had little effect on uniformity. 
 

In order to correlate the extent of non-uniformity to average coating thickness, the 

difference in thickness between the center and the edge of the coating was plotted against 

the average thickness of the coating. The results here are also shown in figure 4.8 and 

figure 4.9. Here, it is seen that for coatings on flat substrates dried under ambient 

conditions non-uniformities are most drastic for thicker coatings, and the extent of non-

uniformity decreases as evaporation increases. However, on walled substrates, the 

coating was more uniform at higher thicknesses, and evaporation rate played little role in 

changing the regularity of the film. As indicated on the plot, coatings thicker than 20 µm 

on walled substrates gave a more uniform thickness.  

 



 

 72 

 

4.4 Summary and Future Work 
 

Composite latex such as block copolymer and polymer blends are studied using 

various techniques such as atomic force microscopy, stress measurement and cryo-SEM 

to connect initial particle structure to final coating microstructure. These techniques 

however, have inherent problems because they use small substrates. Previous studies 

have shown that on small substrates, lateral drying has a large effect94-98. This chapter 

focused on minimizing lateral drying effects in order to efficiently study nanostructure 

formation for these complex latex particles.   

Walled substrates were fabricated using photolithography to attempt to produce 

more uniform drying of coatings on small substrates. Photoresist SU-8 2100, which has a 

a 90º static contact angle with water, allowed substrates with 200µm walls along the 

edges to be fabricated. Initial studies showed a change in cracking behavior of latex 

films, indicating that stress distribution in drying coatings is effected by lateral drying 

front. Some stress measurement studies comparing walled and flat substrates were 

performed, but a more in-depth study should be performed to follow up. Finite element 

analysis was performed by Rob Shurig showing that the presence of the walls has a less 

than 3% error on calculated stress.  

 Alumina coatings were also studied on walled and flat substrates. By measuring 

the thickness of the coatings under various drying conditions and comparing the thickness 

at the center of the coating and the thickness at the edge of the coating, it was noted that 

on flat substrates thinner coatings and higher evaporation rates decreased lateral drying. 
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However, on walled substrates higher thicknesses gave more uniform coatings and 

evaporation rate did not have as much of an effect.  

For thin coatings, less that 20 µm, on walled substrates the coatings appeared to 

wet the walls. The wetting of the walls and the presence of a drying front even on walled 

substrates hints that the contact angle of the walls may need to be tuned. While SU-8 

2100 has a 90° static contact angle, it may be necessary to tune the walls to have a 90° 

receding contact angle. Since the liquid in the well is actively evaporating and moving, a 

receding contact angle can give a better estimate of wetting. 

 There are several methods of tuning the contact angle of SU-8. To make the 

photoresist more hydrophobic oxygen plasma cleans have been performed100. Coating the 

photoresist with a silane layer can also increase hydrophobicity. Silane coated SU-8 2100 

was measured to have a static contact angle of 120° here101. To decrease the contact 

angle, the wafer with photoresist can be soaked in 0.3 M sulfuric acid at 60°C.  

 It has been shown that while these walled substrates do not eliminate lateral 

drying, they are able to produce more uniform coatings at higher thickness. There is also 

evidence of a change in stress build-up in the coating, which requires further 

investigation. The stress development in alumina coatings has already been studied and 

well characterized79. By using a coating that is already understood, a comparison can be 

made between flat substrates and walled substrates.  
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Chapter 5: Conclusions and Future Work 
 

 Latex coatings are used widely throughout industry because they are 

environmentally friendly and easy to synthesize. Advances in emulsion polymerization 

have allowed complex latexes to be made by combining two or more immiscible 

polymers into a single particle. The two polymers can then phase separate within the 

particles to form unique nanostructures. By using nanostructured latex, it may be possible 

to tune coating properties so that volatile additives are not necessary. For example, by 

using soft polymers on the outside of the particle, the use of coalescing aids such as 

texanol may be able to be avoided. 

In order to tune properties, the film formation of these nanostructure latex should 

be understood. Cryo-SEM is a valuable tool that was utilized to image film formation. It 

was shown for the first time that BCP latexes of PBA-PMMA-PBA undergo all three 

stages of film formation. Two different ratios of PBA:PMMA were investigated. A 60:40 

and 50:50 ratio were used, but very few differences in film formation was noted between 

the two. The two polymer phases were shown to phase separate on a small scale in the 

final films, but there was no ordering to the separation. In the future it would be 

interesting to using staining techniques to view the nanostructures in electron 

microscopy.  

Cracking and microstructure formation was studied for latex blends of PVDF and 

acrylic. It was determined by MFFT studies that particle nanostructure effects the film 

formation of the coatings. Films with high acrylic content completed all three stages of 

film formation. Films with low acrylic tended to crack. Cracks formed at the edges and 
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propagated towards the centers, a pattern typically found during lateral drying. Cracks 

formed during the early stages of drying, while water is still present in the system 

between particles. After cracking particles may deform, although they never coalesce. 

Stress measurement of both high and low acrylic content films shows similar trends. A 

tensile stress slowly grew in the coating, and a residual stress was leftover. This stress is 

likely due to constrained shrinkage of the substrate, although capillary stresses may come 

into play. To continue this work, glass substrates could be used for stress measurement 

studies in order to get more accurate readings. 

Lastly, lateral drying effects were studied using latex blends and alumina 

coatings. Fabrication of walled substrates allowed lateral drying to be reduced, as 

evidences by cryo-SEM. Cracking patterns were observed on both walled and flat 

substrates. On walled substrates, cracks did not form until later times and fewer, less 

aligned cracks formed. This indicates a difference in stress gradients across the film. Film 

nonuniformities were measured, and it was found that films > 20 µm on walled substrates 

had good uniformity. The next step in this research is to perform some stress 

measurement of alumina coatings, to verify experimentally that walled substrates 

decrease lateral drying. 

In conclusion, complex latex film formation has been studied despite difficulties 

with lateral drying fronts. Disordered but phase separated microstructures were seen. 

Cracking and stress build up in blended latexes were studied. Cracks formed while water 

was still present at the surface, indicating cracking may be due to capillary pressures. 

Deformation of the particles was slow, and didn’t occur until after cracks form and most 
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the water evaporated. Coalescence did not occur unless higher amounts of soft polymer 

were used. Lateral drying fronts were observed during experiments, and investigations 

into the elimination of edge-in drying are underway. Walled substrates were successfully 

fabricated using photolithography techniques. 
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