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ABSTRACT 

Understanding the mechanism of film formation in latex dispersions is essential to 

the success of many industrially important products such as paints, coatings, adhesives, 

caulks and sealants, photonic band gap crystals, etc. In recent times, the environmental 

concerns due to emission of large amounts of volatile organic compound (VOC) have 

forced the paint/coating industry to move away from the traditional organic based 

formulations towards water based dispersions. Hence the latex, where the dispersing 

media is water, has become an attractive alternative to the traditional formulations. 

However, one of the major concerns with water-based dispersions is the problem of 

cracking. It has been observed that while drying, these aqueous dispersions show an 

intricate pattern of cracks. Further, not only the paints/coatings but the more classical 

systems such as ceramics also show this fascinating array of cracks. In the present thesis, 

we have addressed the issue of cracking in drying dispersions. Also the latex blends that 

are a potential candidate for zero VOCs formulations have also been investigated. 

In the first part of the research work, we have investigated the cracking in drying 

films of stable colloidal dispersions. Here, based on the magnitude of compressive strain 

at the maximum attainable capillary pressure, two distinct regimes for obtaining crack 

free films have been identified. In the first regime, which we call as the Strain-Limited 

regime, the maximum crack free thickness (referred to as CCT) decreases with the 

increase in particle rigidity. In the second regime, which is referred to as the Stress-

Limited regime, the CCT increases with increase in particle rigidity. A theoretical model 

for predicting the critical cracking thickness of hard particle systems has been developed. 

It is shown that the model is universal and can be applied to a wide variety of colloidal 
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dispersions. Further, the drying in strain-limited regime leads to impermeable films 

whereas in the stress-limited regime, film formation yields crack free porous films. We 

have also measured the crack spacing in large number of dispersion and found that the 

crack spacing agrees well with the general elastic energy based criteria (Griffith’s energy 

balance concept) for crack spacing. 

In the next part of the thesis, the cracking phenomenon in flocculated dispersions 

has been studied. As is well known, the particles form chain like structures in the 

flocculated dispersions and hence the volume fraction in the final film is generally very 

low. In this work, the importance of particle packing on film formation has been 

investigated. Here, the extent of flocculation was controlled by varying the pH of the 

dispersions. The influence of varying final (dried film) particle volume fraction on 

critical cracking thickness and critical cracking stress is measured. We show that the 

experimental measurements for CCT are in good agreement with the model developed for 

stable dispersions (see chapter 3), suggesting that the model is universal and applies 

equally well to stable as well as flocculated systems. 

In the final part of the research work, we have investigated the film formation in 

soft-hard latex blends. In these blends the soft particles coalesce to give a continuous 

matrix where as the undeformed hard particles are embedded in the continuous matrix 

and provide the mechanical strength to the final film. In this work, the existing model of 

Routh and Russel40 for the stress versus strain relation for monodisperse identical 

particles in a colloidal film was extended to blends containing a mixture of equal-sized 

hard and soft elastic spheres while accounting for the non-affine deformation. The model 

predicts a transition from soft to rigidlike behavior at a critical value of the hard particle 



 v

volume fraction that matches well with the simulation results reported in the literature. 

Further, the experimental measurements on critical cracking thickness and critical 

cracking stress were used to compare the model predictions. While the predicted trend for 

the critical stress agrees with the experiments, the variation of the CCT showed 

differences. 
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Chapter   1 

 

GENERAL INTRODUCTION 

 

1.1 INTRODUCTION 

As per the International Union for Pure and Applied Chemistry (IUPAC), Latex is 

defined as a colloidal dispersion of submicron particles in an aqueous medium. The 

particles may be organic such as polystyrene, poly(methyl methacrylate), etc. or 

inorganic such as silica, alumina etc. However, the use of latex is generally associated 

with organic polymers.1 There are a variety of applications where latex dispersions are 

used to produce mechanically coherent films. Some of these include paints, coatings, 

adhesives, caulks and sealants etc.2 In addition to these common products, many other 

applications such as pressure sensitive adhesives, carpet backing, floor polish, textiles 

and textile sizing, coatings for drug delivery and sustained/controlled release etc. have 

also been mentioned in the literature.3,4 

Traditionally, the paint/coating formulations have been based on organic solvents. 

The advantage of using organic solvents is that they plasticize the polymer particles by 

reducing the particle shear modulus. Consequently the viscous deformation of particles 

takes place easily and a mechanically strong film can be achieved at ambient conditions.5-

7 Moreover, as the solvents used are generally high boiling, the “open time” for such 

products is sufficient for their easy applications. The open time is defined as the period 
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during which an adjacent or subsequent layer can merge homogeneously with the first 

without altering the dominant physical mechanism for film formation.8 

Despite the aforementioned advantages, the traditional paints/coatings are being 

phased out due to environmental and health concerns and replaced by environmental 

friendly dispersions. Traditional formulations emit large amounts of volatile organic 

compounds (VOCs) during film formation. Organic solvents, as is well known, reduce air 

quality and produce the toxic oxidants that pollute the atmosphere. A report by the 

European Commission reveals that an estimated 17 percent of the total of 10 million tons 

of “man-made non-methane emissions” of VOCs per year is from the paint and dry 

cleaning operations. Another report by the Environmental Protection Agency showed that 

the indoor air pollution is 10 to 40 times higher than the outdoors. This higher rate is due 

to the emission of VOCs by the paints and coatings.2 Due to these concerns, there is a 

need to replace the conventional organic based paint/coating formulations with 

environmental friendly dispersions. The fact that latex is water-borne (i.e. the solvent 

used is water instead of an organic compound) has made it an attractive alternative to the 

traditional paint and coating formulations. However, the absence of plasticizers means 

that the particle size and modulus have to be carefully tuned so that they deform and fuse 

to form a coherent film at ambient temperatures. Hence significant research work has 

focused on the film formation and cracking in latex dispersions.2, 9-11 

 

1.2 STAGES OF FILM FORMATION 

During latex film formation, a stable colloidal dispersion transforms into a 

continuous polymer film. The entire process of film formation in latex dispersions is 
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divided into three stages viz. drying, deformation and coalescence.2,10,12 Figure 1.1 

schematically shows the three stages during the process of film formation in latex 

dispersions. When a stable colloidal dispersion is applied on to a non-porous substrate, 

the mass- transfer limited evaporation brings the particles into a close packed structure. 

During the next stage, van der Waals and capillary forces deform the particles to render a 

film without voids. Here the particles though deformed, still retain their identity and are 

still distinguishable. Finally the polymer chains diffuse across the particle-particle 

interface and hence provide the mechanical strength to the film with particles no more 

distinguishable.8 The three stages of film formation are briefly discussed in the following 

sections.  

 

1.2.1 Drying 

In most latex systems, drying refers to the process of evaporation of water 

accompanied by the particle ordering. Further, the transport of water between particles is 

faster than through particles or through a coalesced film. Hence most drying models 

assume the water loss from the water-gas interface to be dominant than from polymer-gas 

interface.2 The mechanism of water loss from latex dispersions is surprisingly complex 

and it is still not known as to how the evaporation process affects the structure of the final 

film.13 Several models have considered the drying of film normal to its surface i.e. the 

transport of water is in the direction normal to the film surface. Also there are models, 

which consider the drying laterally in the plane of the film. Hence drying of the film has 

been described as a moving front, both in the normal as well as in the horizontal 

directions. 
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Figure 1.1: Various stages in the process of film formation. 

Stage 1: Solvent evaporation and particle ordering 

Stage 2: Deformation of particles 

Stage 3: Coalescence and diffusion across    particle–particle interface 

Latex Dispersion 
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1.2.1.1 Drying normal to the surface 

Vanderhoff et al.14 studied the water loss from latex dispersions using gravimetric 

techniques. They described the drying as a three-stage process and correlated each of the 

stages with structural changes occurring during film formation. In the first stage, water 

evaporates at a constant rate close to that of pure water or latex serum. This stage is 

observed during the initial period when the dispersion is very dilute such that water can 

escape freely from water-air interface. In the second stage, the rate of water loss 

decreases rapidly. This is attributed to the increased region of coalesced film that 

decreases the total area of air-water interface. The third and final stage is characterized by 

a diminished rate of water loss that decreases slowly with time. In this stage, water 

escapes from the film by diffusion through polymers. Here all the channels between 

particles are almost closed and water has to diffuse through the polymer particles itself. It 

is found that the asymptotic rate of water loss is indeed similar to the water loss rate, 

which is observed when water diffuses through continuous polymers. 

Unlike Vanderhoff et al.’s three-stage model, Croll15 has described the drying of 

latices as a two-stage process. In the first stage, when the dispersion is highly dilute, 

water evaporates at a constant rate for some time. This rate is equivalent to that of water 

or latex serum. Moreover for the non-film forming slurries, he observed the constant rate 

throughout the drying process and supported the concept of a receding drying front. In 

the second stage, which was described as the falling rate, the transport of water is 

governed by the diffusion through the dry polymer layer. 

Sheetz16 proposed that there is a dry layer of coalesced particles over a wet layer. 

Hence water has to diffuse through this dry layer (skin) in order to escape from the wet 
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film. He made an analogy to a piston in which a coalesced surface layer exerts pressure 

on the wet layer underneath it. Many others like Eckersley and Rudin17 and Butt et al.18 

have also observed such a skin over the wet film. Routh and Russel8 have shown that the 

presence or the absence of the packed layer at the top surface is governed by a balance of 

the particle diffusion and convection induced by the evaporation. A skin is expected to 

form when convection dominates diffusion. 

1.2.1.2 Drying laterally in the plane of film 

Experiments have also demonstrated the presence of spatial non-uniformity in 

drying rates over a latex film. Under such circumstances, the transport of water takes 

place horizontally in the plane of film. This mode is observed when the non-uniform 

thickness of the film (thinnest at the edges) causes the particles to concentrate first at the 

edges. Here the low pressure caused by the liquid menisci at the edge draws the 

dispersion from the bulk towards the edges. This results in the lateral propagation of the 

front, in a direction opposite to the water flux.19 Further, for film forming lattices, three 

different regions with a central wet region that is turbid, a peripheral dry region that is 

optically clear and a region between these two that is partly cloudy are observed.19,20 

Water evaporates more rapidly from this middle region than from the water surface above 

the wet region. This creates a flux of water and particles from the central wet region to 

the edge consequently resulting in the propagations of fronts from the edge towards the 

center.19,21,22  

In a review by Holl et al.23, various aspects of drying during film formation have 

been discussed in detail. Here, they have distinguished three primary modes of drying in 

a wet film. In the first mode, water concentration remains uniform over the entire surface 
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of the film and hence all the parts of the film dry at the same rate. This mode is called as 

homogeneous drying and is rarely observed. The second mode of drying occurs under 

conditions of negligible particle diffusivity. Here the evaporating liquid concentrates the 

particles at the liquid-air interface resulting in a sheet of packed particles at the surface of 

film. As particle diffusivity back to the wet dispersion is very small, the thickness of the 

sheet increases as the vertical convection induced by the negative capillary draws more 

particles from the bulk. Note that here the capillary pressure is caused by the liquid 

menisci between the particles at air-film interface. Finally the third mode is observed 

when the non-uniform thickness of the film causes the flow of water from center toward 

the edges. Here, in contrast to the previous case, the low pressure caused by the liquid 

menisci at the edge draws water laterally from the bulk and deposits particles at the front. 

Routh and Russel 8,24 have developed a theory based on the lubrication 

approximation that can capture the drying fronts while ignoring particle deformation. 

Depending on the Peclet number ( Pe ), defined as the ratio of rate of evaporation to the 

rate of diffusion, they could differentiate the way drying would proceed either as a drying 

front in the horizontal direction or as a compaction front in the vertical direction. For the 

case when Peclet number approaches zero ( 1Pe << ), particles distribute uniformly in the 

vertical direction and drying proceeds as a moving front in the horizontal direction. On 

the other hand, for the case when Peclet number is much higher than unity ( 1Pe >> ), 

particles distribute non-uniformly in the vertical direction with a layer of particles formed 

at the surface of the film that further grows with time (moving front in the vertical 

direction). 
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1.2.2 Deformation of particles 

During the second stage of film formation, polymer particles are deformed by 

strong forces so as to produce a structure without voids. For the last few decades, a 

number of theoretical and experimental studies have looked at the compaction or 

deformation step. Possible causes of particle deformation include air-water, water-

polymer or polymer-air interfacial tensions, osmotic forces or surface adhesive forces.2 It 

is still unclear that whether the forces arise from either one or a combination of polymer-

air (dry sintering), polymer-water (wet sintering) and solvent-air (capillary compaction) 

interfacial tensions. All of the above interfacial tensions are reported as being the driving 

forces behind particle deformation. The following sections discuss briefly the various 

driving forces for particle deformation. 

1.2.2.1 Polymer-air interfacial tension (Dry sintering) 

Dillon et al.25 proposed that the driving force for particle deformation is the 

interfacial tension between polymer and surrounding air. As per their theory, latex dries 

before particles lose their shape on deformation. They employed Frenkel’s theory of 

sintering to describe the viscous deformation of latex particles. In their work, the 

sintering of poly(vinyl chloride-co-vinylidene chloride) (P(VC-VdC)) and P(S) particles 

was observed on a colloidal film. It was found that the results were in good agreement 

with the Frenkel’s model. Chainey et al.26 have also presented evidence for polymer-air 

interfacial tension as being the driving force for particle deformation. In this work, the 

flash cast films that were initially rough, smoothed out on ageing after a period of one 

month. Because there was no water present in these samples, the cause of deformation is 

presumably by the polymer-air interfacial tension. The work of Sperry et al.27 suggests a 
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strong evidence of polymer-air interfacial tension being the driving force for particle 

deformation. They studied the particle deformation step by minimum film formation 

temperature (MFT) measurements for several types of polymers. It was concluded that 

the presence of water does not play any significant role in the particle deformation. They 

argued that the film formation process can be separated into two independent steps. In the 

first, water evaporates completely and in the next, particles are deformed due to polymer-

air interfacial tension and van der Waals forces. Keddie et al.28,29 have also supported the 

concept of polymer-air interfacial tension as being the driving force for particle 

deformation. 

1.2.2.2 Solvent-air interfacial tension (Capillary deformation) 

Brown30 was the first to suggest that the air-water interfacial tension plays an 

important role in film formation. He observed that evaporative drying of latex finishes at 

the same time as film formation, suggesting that evaporation of water and deformation 

are concurrent phenomena. It was further observed that if the evaporation is slowed or 

delayed, the film formation is also affected in the similar manner. This phenomenon was 

attributed to the dual effects of plasticization by water and a strong capillary force. The 

other important observation was that even the lightly crosslinked emulsion polymers can 

form homogeneous films. As purely viscous flow is impossible in such systems, he 

concluded that the viscous flow of polymers, as described by Dillon et al.25, cannot be the 

mechanism for film formation. He on the other hand considered the polymeric particles 

as being elastic bodies. As per Brown theory, the condition for film formation is 

  ( )
R

tG WA!35
<        (1.1) 
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Here ‘ WA! ’ is the interfacial tension between water and air and ( )'' tG  is the shear 

modulus measured by examining the strain resulting from the application of stress for 

time ''t .  

Eckersley and Rudin31 suggested that the capillary force is not the only force that 

is responsible for particle deformation. They argued that in addition to the capillary force, 

either the polymer-water or the polymer-air interfacial tension is also responsible for 

particle deformation. As per their model, deformation is a two-stage process. In the first 

stage, capillary force deformed the particles whereas in the next stage, depending on 

whether or not water is present, polymer-water or polymer-air interfacial tension 

complete the deformation. Dobler et al.32 have also forwarded the similar view of an 

additional force causing the deformation of particles. Lin and Meier33,34 have strongly 

recommended the capillary force as the dominant driving force for film formation. In 

their work, it was shown that the role of water is not to plasticize the polymer particles 

but to generate a strong capillary force. Hence capillary force is indeed a dominating 

force for particle deformation. A recent study by Tirumkudulu and Russel19 has also led 

to a similar conclusion of capillary force as the one responsible for particle deformation. 

1.2.2.3 Polymer-solvent interfacial tension (Wet sintering) 

In the wet sintering regime, the driving force for particle deformation is the 

interfacial tension between polymer and solvent or latex serum. Vanderhoff et al.35 

developed the concept of polymer-water interfacial tension as the driving force for 

particle deformation. They observed that film formation does not show strong 

dependence on particle size as is predicted by Brown’s theory and also by the dry 

sintering models. Hence they concluded that the only possible force can be the interfacial 

kpark
Highlight

kpark
Highlight

kpark
Highlight

kpark
Highlight



 11

tension between polymer and solvent. They developed a model in which water-air 

interfacial tension (i.e. the capillary force) first forces the particles into close contacts. 

This force overcomes the double layer repulsion of the particles and when the polymer 

particles start contacting each other, the polymer-water interfacial tension becomes 

operative.  

Sheetz16 experimentally showed the polymer-water interfacial tension as the driving force 

for particle deformation. A more extensive experimental study of wet sintering was 

carried out by Dobler et al.36 In their work, it was confirmed that particle-water interfacial 

tension was indeed able to cause the particle deformation, even at temperatures below the 

glass transition temperature of the polymer. 

1.2.2.4 Sheetz deformation (Surface layer) 

In contrast to the previous mentioned models for particle deformation, Sheetz16 

accounted for the inhomogeneous drying of the film. As per Sheetz theory, the capillary 

force causes some initial deformation of latex particles in such a way that a continuous 

polymeric film is formed on the surface of the drying latex. This skin is permeable to 

water and hence water continues to diffuse through this layer. As per this model, the 

energy for film formation is supplied as heat from the surroundings. This heat is 

converted to useful (film-forming) work by evaporation of water. As water diffuses 

through the top layer, it exerts a compressive force normal to the film surface. He made 

an analogy to a piston compressing the wet dispersion. This piston is however permeable 

to water. The particle packing is compressed by this force thus leading to particle 

deformation. Dobler et al.36 have also supported the Sheetz view of film formation. 

kpark
Highlight

kpark
Highlight



 12

All the above discussed film formation regimes were based on the nature of force 

causing the deformation. In addition to this, there are models that are based on particle 

rheology. These models relate the amount of deformation to the external force through 

particle rheology. In the earliest model proposed by Hertz, the two spheres are considered 

as elastic bodies.37 The amount of deformation, which is caused when the spheres are 

pushed together by external point force (F) acting along the line joining their centers, is 

given by 

3

2

2
0

3

2

16

3


















=
GR

F
R"        (1.2) 

Where ‘G’ is the shear modulus and ‘R0’ the original radius of particle. Here R"  is the 

local strain and is defined as the ratio of change in the center-to-center distance with the 

original distance before deformation.  

In the model by Frenkel38, the particles are treated as viscous drops. Further, a 

balance between the interfacial tension ‘ PA! ’ which minimizes the particle surface area 

with the viscous force resisting deformation gives a simple relation between particle 

viscosity and local strain as 
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Here, ‘ p$ ’ is the viscosity of polymer, ‘ t ’ is the time over which the strain is applied, 

and ‘ 0R ’ the radius of particle. Johnson et al.39 also considered the spheres as elastic 

bodies and proposed a theory, which is commonly known as JKR theory. In their model, 

a balance between stored elastic energy in the deformed material, lost surface energy 
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caused by fusion of two spheres and the energy of an applied load is made. This balance 

leads to the following relation for the local strain 
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In contrast to the above models, which consider the particles either viscous or 

perfect elastic bodies, Routh and Russel40,41 (henceforth referred to as RR) have 

considered the particles as being viscoelastic. They found the deformation of a pair of 

particles due to both interfacial tension and external forces exerted by contacting 

neighbors. Starting from a microscopic description of the local stress versus strain 

relation, they volume averaged over all possible orientations of the pair to arrive at a 

macroscopic description of stress and strain relation for a deforming film. In this model, a 

balance between the viscous deformation rate and evaporation rate led to a single 

dimensionless group ‘ % ’. For typical evaporation rates, this dimensionless group can 

distinguish between the various regimes of film formation. While very low values of 

‘ % ’lead to wet sintering, a large value signifies dry sintering. Intermediate values 

coupled with homogeneous drying lead to capillary compression. But in the case when 

vertical front is present, intermediate values of ‘ % ’result in Sheetz deformation. It was 

found that the model predictions were in good agreement with experimental 

results.8,24,40,41 Thus they provided a theoretical framework that was able to explain many 

of the experimental results on film formation reported in literature. 
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1.2.3 Coalescence and diffusion across particle–particle interface 

Coalescence is a term used to describe the fusion of two particles with the 

elimination of boundary between them. The driving force for coalescence is the reduction 

in surface energy associated with the particles surfaces. The deformed particles during 

second stage finally coalesce with one-another. Here, the polymer chains diffuse from 

one globule to another and hence result in a homogeneous and continuous film. 

Voyutskii42argued that mere physical contact between particles cannot produce a strong 

and continuous film. To obtain a stable film, it is necessary that polymer molecules must 

diffuse from one globule to another, thus forming a stable link.43 With the development 

of new techniques of neutron scattering and non-radiative energy transfer, it is now 

possible to show that the interdiffusion between particles does indeed occur. Hahn et al.44 

employed SANS to observe the interdiffusion between particles of hydrogenated and 

deuterated acrylic latex. They obtained the diffusion coefficients in the range of 10-20 at 

900C. Sperling et al.45 also studied the film formation from polystyrene latexes using 

SANS. They found that full mechanical strength in the films is achieved when the 

diffusion length is comparable to the radius of gyration of the latex polymers.46-48 The 

technique of non-radiative energy transfer (ET) has also been employed to study the 

interdiffusion of polymer chains.49 This technique monitors concentration profiles of 

donor and acceptor chromophores that are initially isolated in separate particles. As 

interdiffusion occurs, mixing of donor and acceptor groups can be measure by an increase 

in energy transfer between them. Hence, it is now well accepted that the diffusion of 

polymer chains across the particle-particle boundary is essential for mechanical strength 

of the final film. 
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1.3 CRACKING IN DRYING LATEX DISPERSIONS 

As discussed above, during the second stage of film formation, polymer particles 

are deformed by forces so as to produce a film without voids. However, depending on the 

particle glass transition temperature (Tg) and ambient temperature, the final film may be 

a homogeneous one or may contain large number of cracks in it. It has been observed that 

if the particle glass transition temperature (Tg) is higher than the ambient temperature, 

the final film generally contains large number of cracks in it. Also for dispersions 

containing inorganic polymer particles (hard particles) such as alumina, silica, etc., the 

phenomena of cracking can be observed very commonly.  

The problem of cracking during drying of wet films has received the attention of 

scientific community in the last couple of decades. Chiu et al.50,51 have studied the 

cracking during drying of wet ceramic films prepared from &-alumina particles of 200 

and 400 nm diameters. In this study they showed that irrespective of the particle size and 

rigidity, all films cracked only above a critical thickness. Further, the critical thickness 

depends on the particle size and was found to increase with increase in particle diameter. 

Also, the films cast on a pool of mercury resulted in much higher critical thickness 

indicating that the tensile stress induced during drying is influenced by the nature of the 

underlying substrate. In a recent work, Tirumkudulu and Russel19,52 have also reported 

the phenomena of cracking in drying latex films. These films were cast from aqueous 

dispersions containing polymer spheres of diameters ranging from 95 to 610 nm. They 

solved the RR model while accounting for the lateral drying front and compared the 

predicted stress and front propagation with the measured values for dispersions in the 

capillary deformation regime. By measuring the stresses generated during film formation, 
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they showed that the tensile stresses in the plane of the film responsible for the bending 

of the cantilever arises from the same capillary pressure that drives particle compaction in 

the normal direction. Finally, based on the Griffith’s energy balance concept, a model 

that can predict the critical thickness beyond which a given film would crack was also 

developed. Allain and Limat53 studied the cracking of a colloidal suspension during one 

directional drying. Here, a colloidal silica suspension of particle size 9 nm was allowed to 

dry from one end of a thin parallelepiped cell whose thickness was varied from 15 to 100 

µm. They found that the cracks started at the free surface and then penetrated into the 

sample as evaporation continued. The variation in crack spacing was measured with the 

sample thickness. It was found that the crack spacing increases almost linearly with the 

thickness of the sample. In another study, Lee and Routh54 proposed a new scaling for the 

crack spacing and showed that the hydrodynamics of the systems sets the spacing 

between the cracks. In their study, experiments were performed in a petri dish where 

cracks were observed at the free surface of the film. In this study, it was proposed that 

once the cracks nucleate due to high negative capillary pressure, the capillary pressure 

becomes negligible in the vicinity of the crack that sets the flow of the solvent toward the 

bulk where pressure is still lower than the atmospheric pressure. It was found that the 

distance over which solvent flows in order to relax the capillary pressure gives the 

spacing between the cracks. 

Dufresne et al.55,56 have reported the dynamics of fracture in drying nanoparticle 

suspensions. In this work, a comprehensive physical picture of the fluid to solid transition 

induced by drying was presented. They showed that the dynamics of drying are 

determined by a blend of capillary and viscous forces, regulated by the nanometer-scale 
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texture of the air-water interface. It was further shown that the crack growth is controlled 

by a balance of elastic energy, surface energy and the viscous dissipation due to 

interstitial fluid flow. In a recent study, Man and Russel57 have also shown that the 

cracking is controlled by the elastic energy recovery, though the energy criterion is 

shown to give the lower bound for cracking. Russel et al.58 have recently proposed a 

generalized model based on Hertzian contact mechanics for the deformation and cracking 

of colloidal packing of spheres saturated with water. They identified the different regimes 

of film formation similar to Routh and Russel40,41 but with a more generalized 

constitutive equation. Ambient conditions are also found to affect the way cracks form 

and grow. In an experimental study by Lecocq and Vandewalle59 it was found that drying 

rate has a strong effect on the crack nucleation and growth with fast drying favoring a 

large number of small cracks while a slow drying gives a small number of larger cracks.  

 One of the new promising solutions to the traditional organic formulations is the 

use of latex blends containing soft (low Tg) and hard (high Tg) polymer particles. In 

these blends, soft particles coalesce to fill the voids and the hard ones give mechanical 

strength to the final film. The film formation and the properties of these systems are 

strongly dependant on the composition of the blend. In a study by Winnik and Feng60, it 

was found that the average evaporation rate for latex blends is lower compared to that for 

dispersions containing either of the pure components (hard or soft particles) with the 

minimum evaporation rate occurring close to a volume fraction ratio of 0.50 (i.e. ratio of 

hard particle volume to the total particle volume). In another study, Martinez and Lewis61 

showed that the addition of hard particles to a dispersion containing soft particles has a 

profound influence on the densification behavior of the film. They measured the stress 
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induced in a drying film prepared from latex blends containing varying relative volume 

fractions of hard and soft particles. Interestingly, the maximum stress increased with 

increasing amounts of hard particles and peaked when the ratio of hard particle volume to 

the total particle volume was 0.58. On increasing the hard particle content further, the 

peak stress decreased initially and then finally increased to attain the maximum stress 

value for the dispersions containing only hard particles. These experiments clearly show 

that the mixtures of hard and soft particles can lead to rather unexpected drying and film 

formation. On theoretical front, the densification of binary mixtures of particles of 

different moduli has also been studied using both continuum models as well as discrete 

numerical methods.62,63 The former performs well for dilute concentrations of hard 

particles but fails to capture the sintering behavior at high relative volume fractions of 

hard particles. On the other hand, the latter provides information about particle 

deformation in the packing over the full range of relative volume fractions. Here, the 

model replaces a packing of particles by a network of points (representing particle 

centers) and links that connect these points (representing contacts between particles). The 

mechanics of sintering and deformation of the packing are then analyzed by studying the 

deformation of this network. 

 

1.4 MOTIVATION FOR THE PRESENT WORK 

Despite the fact that film formation in water-based dispersions has been studied 

for several decades, the overall understanding of the process is still not very clear. 

Further, the mechanisms responsible for drying and deformation are rather complex and 

are not understood completely. The most important and outstanding issue is the origin of 
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compressive forces that deform the particles. Due to the complex mechanism of the 

process, film formation is still an active area of research. Many new studies are 

continuously being reported with the advent of modern instrumentation techniques of 

spectroscopy, electron microscopy, atomic force microscopy, etc.64-68 Further, as 

discussed before, one of the more interesting and challenging problems associated with 

aqueous dispersions is the cracking during drying of the films. The stresses generated 

during second stage of film formation are released either by the viscous flow of the 

particles, which happens for the case of soft particles, or by the nucleation and 

propagation of cracks, which is observed in case of hard particles. Though the issue of 

cracking in surface coatings was reported long back69, it is only recently that this problem 

is being tackled actively due to its importance in many applications such as latex 

dispersions, ceramic films, etc. where obtaining a crack free film is the primary concern. 

Further, from a fundamental point of view, it is important to understand why aqueous 

dispersions including mud slurries crack during drying. Also, in case of binary mixtures 

of soft-hard particles, the film formation is rather complex and hence poses new 

challenges in understanding the process. The lack of understanding of cracking 

mechanism and the absence of a theoretical framework for latex blends motivated us to 

carry out the work presented in this thesis. 

 

1.5 ORGANIZATION OF THE THESIS 

The work presented in this thesis is organized into six chapters describing the 

research methodology and results, followed by conclusions and recommendation for 

future work. In chapter 1, the overview of film formation in latex dispersions is presented 
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briefly. Chapter 2 describes the various experimental techniques/methods used in the 

present work. Here in addition to the standard techniques, some of the methods 

developed to measure the maximum capillary pressure and stresses in drying dispersions 

have been described. Further, chapter 3 deals with cracking in drying colloidal films of 

stable dispersions. Here, a comprehensive study on critical cracking thickness of stable 

aqueous dispersions has been presented. In chapter 4, the cracking behavior of 

flocculated dispersions over the entire range of pH values is described. It is shown that 

the theory developed for stable dispersions is also capable of describing the cracking 

phenomena in flocculated dispersions. The focus of chapter 5 is on the film formation 

mechanism in latex blends. Here, a mathematical model for film formation in soft-hard 

latex blends is developed and validated with extensive experimental data. Chapters 3-5 

are written in the form of separate papers. Hence the relevant literature and the 

conclusions are presented at the end of each chapter. Finally, the overall conclusions and 

directions for future work are presented in chapter 6. 
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Chapter   2 

 

EXPERIMENTAL TECHNIQUES 

 

In this chapter, the experimental techniques/methods used to measure the critical 

cracking thickness, maximum capillary pressure in a drying dispersion and the critical 

stress at which a film cracks are discussed in detail. The various techniques/methods are 

discussed in the following sections. 

 

2.1. MEASUREMENTS OF CRITICAL CRACKING THICKNESS (CCT) 

Thin circular films of aqueous dispersions were cast uniformly on glass substrates 

using a spin coater. Prior to the start of experiments, the glass substrates were cleaned 

thoroughly with de-ionized water to remove impurities from the surface. Note that unlike 

pure liquids, concentrated dispersions can be difficult to spread on solid substrates. 

Hence, once the dispersion drop is put on the glass substrate, the contact line is pinned 

and it becomes difficult to spread the dispersion over desired area so as to control the 

thickness of the dried film. To overcome this difficulty, a spin coater was used at low rpm 

(~100 rpm). Here, the dispersion was discharged using a micropipette on the rotating 

glass substrate and the tip of the micropipette was used to gently push the contact line so 

as to spread the film over the designated area. The rotation of the substrate ensured that 

the film occupied a circular area. The thickness of the film was varied by controlling the 
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amount of dispersion disbursed on to the substrate. Hence, using a spin coater, we can 

cast circular films of desired thickness. After the film dried completely, it was examined 

for cracks under an upright optical microscope (Olympus, BX-60) at varying 

magnifications (4X, 10X and 20X). Most films exhibited cracks at the rim and close to 

the centre with the remaining area devoid of cracks. Further, the crack-free region 

increased in area with decreasing average film thickness. Note that in some of the cases, 

we were able to get completely crack free films. Figure 2.1 shows some optical images of 

a crack free and a cracked film. In case of flocculated dispersions (discussed in chapter 

4), the critical cracking thickness of some of the dispersions was very high. Hence it was 

not possible to cast the film using spin coater technique, as the required amount was more 

than the maximum supportable amount over that area. Therefore for these dispersions, the 

films were dried in open vials of rectangular cross section with dimension, 13 (length) 

x13 (breadth) x 6 (height) mm3. 

The thickness profile of the dried film was measured using a surface profilometer. 

In the present work, two models of the profilometer i.e. Sloan Dektak-II and Dektak-150 

supplied by Veeco Instruments Inc. were employed. Before carrying out the thickness 

measurements of the film, the blank substrate was scanned to check its flatness. It should 

be noted that the substrates were found to be flat in all the cases with a variation of less 

than 0.15 µm over its entire length of ~16mm. Figure 2.2 shows a typical thickness 

profile for an acrylic dispersion film. Note that the region between P and Q is crack free. 

Hence the critical cracking thickness (CCT) corresponds to the maximum thickness in 

this region. Further, as mentioned above, the films for some of the flocculated dispersions  
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Figure 2.1: Optical micrographs showing the films with and without cracks at different 

magnifications of 4X, 10X, 20X and 40X respectively. Note that the films were cast from 

styronal ND 811 (styrene-butadiene random copolymer) dispersion at a temperature of 

250C and a relative humidity of 52%. 
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Figure 2.2: A typical thickness profile for an acrylic dispersion film. Note that the region 

between P and Q was having no cracks. 
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were dried in open vials. Measurement of the thickness profile for such films was a little 

tricky. Here, a small piece of the dried film was carefully scrapped off the central part of 

the vial and was used for thickness measurement. The small piece of the film was kept on 

a glass substrate and the sample was scanned under the profilometer. Note that the 

surface of the glass where the piece of the dried film was kept was made slightly wet. 

This ensured that the small adhesion force due to the capillarity holds the film in place 

while the stylus scans the profile. Figure 2.3 shows the thickness profile for one such 

measurement. As can be seen, the thickness of the film at the central part of the vial is 

almost constant. 

 

2.2. MEASUREMENT OF MAXIMUM CAPILLARY PRESSURE 

Maximum capillary pressure is an important parameter in the study of film 

formation and cracking in aqueous dispersions. In all the subsequent chapters, the 

concept of maximum capillary pressure is used to compare the predictions of the 

theoretical models with the experimental measurements. Hence, the exact knowledge of 

maximum capillary pressure attained during drying is very critical for understanding the 

film formation and cracking mechanisms in aqueous dispersions. In this work, we 

measured the maximum capillary pressure using two different techniques/methods as 

discussed below. 

2.2.1. Measurement of maximum capillary pressure using a capillary tube 

A schematic of the experimental set-up used to measure the maximum capillary 

pressure is shown in figure 2.4. A glass capillary of length 10cm (approximate) and an 

inside diameter of 300 µm (approximate) was partially filled with dispersion such that  
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Figure 2.3: Thickness profile for a flocculated dispersion film dried in an open vial. 
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Figure 2.4: Experimental measurement of maximum capillary pressure using a capillary 

tube. 
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one of the dispersion-air menisci is located inside the tube (rear meniscus) while the other 

is located at the mouth of the capillary (front meniscus). The initial length of the 

dispersion column was varied from 0.5 to 2 cm. As the rear meniscus is well within the 

tube, the air inside the capillary rapidly saturates with water resulting in negligible 

evaporation at the rear meniscus. Thus all the evaporation occurs at the front end of the 

capillary tube. Further, a fan was placed close to the front end of the capillary to increase 

the evaporation rate. The position of the rear meniscus was tracked using an optical 

microscope. The high rate of evaporation at the front end of the capillary tube causes the 

particles to form a packed region that grows with time. Presumably, the high rate of water 

loss at the front-end results in liquid menisci between the particles packed in the first 

layer thereby creating a region of low pressure that draws the liquid from inside the 

capillary to sustain the evaporation. The increasing length of the packed region requires 

the curvature of the inter particle menisci at the front end to increase so as to overcome 

the increased bed resistance. This implies that until the capillary pressure reaches the 

maximum value, the contact line will remain fixed at the first layer of particles 

consequently resulting in constant evaporation rate. A simple mass balance shows that 

the evaporation rate is equal to the speed of the rear meniscus as long as the front menisci 

are pinned on the first layer of particles. Once the capillary pressure reaches the 

maximum value, liquid menisci are no longer capable of overcoming the increased bed 

resistance that causes the menisci to recede into the sample. The latter will manifest as a 

fall in the evaporation rate.  

One may be tempted to attribute the fall in the evaporation rate to the Kelvin’s 

phenomena (capillary condensation) where larger negative curvatures suppress the 
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evaporation of the liquid. This effect, however, becomes dominant when the radius of 

curvature becomes comparable to the molecular dimensions. Since the particles in the 

present case are much larger ( )nm100! , this phenomenon is unlikely. Also, since the 

colloidal particles in the dispersions used for the current experiment are rigid, the 

possibility of fall in evaporation rate due to particle deformation is also ruled out.  

Some of the initial drying experiments were conducted with extremely dilute 

dispersions that contained a very small fraction of particles ( )006.00 "# . Figure 2.5 plots 

the rear meniscus position with time for one such experiment. As can be seen, the 

meniscus propagation rate, which is also the evaporation rate, is constant throughout the 

experiment as there is no significant build up of particles thereby suggesting that the 

liquid menisci stay at the first layer of particles. Figure 2.6 shows similar plots for more 

concentrated colloidal silica and latex dispersions. Initially, the rear meniscus propagates 

at a constant rate, implying that the capillary menisci are located at the leading edge. 

Once the capillary pressure reaches its maximum value, further evaporation causes the 

liquid menisci to recede into the bulk resulting in the decrease of the rear meniscus 

propagation speed. As expected, the position of the rear meniscus at which the 

evaporation rate starts to decrease varied over experiments due to the varying initial 

particles volume fraction and ambient conditions. 

If mL  is the length over which the rear meniscus propagates before the 

evaporation rate falls (see figure 2.4), then a simple mass balance that neglects particle  
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Figure 2.5: Rear meniscus propagation for a dilute dispersion ( )006.00 "#  of colloidal 

silica dispersion. The experiments were conducted at an ambient temperature of 32± 10C 

and a relative humidity of 50 ± 1%. 
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Figure 2.6: Rear meniscus propagation for (a) silica dispersion of ( )03.00 =#  at an 

ambient temperature of 25 ± 10C and a relative humidity of 54 ± 4% and, (b) styronal ND 

811 latex dispersion for ( )05.00 =#  at an ambient temperature of 34 ± 10C and a relative 

humidity of 46 ±1%. 
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diffusion gives the length of the packed region corresponding to the maximum capillary 

pressure, 

( )
0

0

m
p

rcp

L
L

#

# #
=

$
       (2.1) 

Here, rcp#  is determined from the length of the packed layer measured at the end of the 

experiment. 

The pressure drop across the packed bed is then given by the Darcy’s law, 

k

LE
P Pµ0=%$      (2.2) 

where 0E  is the evaporation rate, µ is the viscosity of water and k  is the permeability of 

packed bed. Since the pressure drop due to the dispersion flow in the capillary is 

negligible compared to (2.2), the above pressure drop also gives the maximum capillary 

pressure. 

2.2.2. Measurement of maximum capillary pressure using Dewpoint PotentiaMeter 

We also measured the maximum capillary pressure using a Dewpoint 

Potentiameter (WP4&). This is a standard instrument used by research community in the 

area of soil mechanics to establish the soil-water characteristic curve (SWCC).1-3 The soil 

water characteristic curve gives the relationship between soil suction and the water 

content present in the soil and is a standard approach to determine the properties of 

unsaturated soil.4-8 As soil sample is also an aqueous suspension of particles, the same 

concept can be used to measure the suction (capillary pressure in general) for any 

aqueous dispersion. We used Dewpoint PotentiaMeter to measure the capillary pressure 

for some of the dispersions used in the present work. The following section explains the 
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measurement of maximum capillary pressure using a Dewpoint PotentiaMeter (WP4& 

Decagon Devices Inc.) in detail.  

A Dewpoint PotentiaMeter (WP4&) works on the chilled mirror concept and can 

be used to measure the suction as high as 80 MPa. The device consists of a sealed block 

chamber equipped with a mirror, dew point sensor, which is a photoelectric cell, a 

thermocouple that acts as a temperature sensor, an infrared thermometer (optical sensor) 

and a fan. The schematic of the instrument is shown in figure 2.7. A soil specimen (or in 

general any sample whose suction is to be measured) of approximately 6 ml is placed in 

the PVC cup and equilibrated with the air in the headspace of the sealed block chamber 

for its relative humidity. At equilibrium, the water potential of air in the chamber is the 

same as the water potential or suction of the sample, which occurs within 5–15 minutes. 

Note that the water potential or suction of the sample is but the same as the capillary 

pressure of the sample. A chamber fan is provided to accelerate the process of 

equilibration. The relationship between the total suction, ' , and the vapor pressure of air 

in the headspace can be expressed using Kelvin’s equation as follows, 









(=
RT

V

r
pp mol)2

exp0     (2.3) 

where R  is the universal gas constant, T  is the temperature of the sample in K, p  is the 

vapor pressure of air, 0p  is the saturation vapor pressure, r is the radius of curvature of 

the liquid menisci and molV  is the molar volume of water and is equal to 

gmol
m361018 $*

.
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Figure 2.7: Schematic of the Dewpoint PotentiaMeter used to measure the maximum 

capillary pressure adapted from Shah et al.1 
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If the capillary pressure, 
r

)2
, is denoted by the total suction, ' , the above equation on 

rearranging the terms becomes, 

0

ln
p

p

V

RT

mol

='      (2.4) 

 A photoelectric cell detects the condensation on the mirror and the thermocouple 

records the temperature at which condensation occurs. The infrared thermometer is used 

to measure the specimen temperature. At equilibrium, the headspace vapor pressure is 

measured and the saturation vapor pressure is computed. With the assistance of the in-

built software, the total suction of the soil specimen (in MPa and pF units) is displayed on 

the LCD panel with its temperature. Before carrying out the capillary pressure 

measurements, the weight of the sample cup along with the specimen was recorded using 

a high precision balance in each run. This gravimetric analysis is used to find the solid 

volume fraction corresponding to a specific pressure measurement run. Before using the 

WP4, it was calibrated by adopting the following procedure and using standard solution 

of 0.5 M KCl, which should yield a suction of 2.19± 0.1 MPa, at 25 0C, (Decagon 

Services Ltd., 2002). Hence using the above procedure, the capillary pressure versus 

volume fraction data was generated. The maximum capillary pressure was then taken as 

the capillary pressure corresponding to the random close packed volume fraction of 0.64 

(stable dispersion) and when the film was crack free. 

 

2.3 MEASUREMENT OF STRESS IN DRYING DISPERSION 

During film formation, an aqueous dispersion undergoes a complete 

transformation from a stable colloidal dispersion to a mechanically coherent film. As 
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described earlier, during the second stage of film formation, large capillary forces deform 

the particles and generate transverse tensile stresses in the plane of the film. If the 

magnitude of this tensile stress increases beyond a critical value, cracks nucleate which 

ultimately leads to failure of the film.10,11 The knowledge of this maximum tensile stress 

is important for understanding the deformation mechanism and to produce mechanically 

coherent films. In the following sections, we will explain the experimental technique used 

to measure the tensile stress in a drying film. 

The schematic of the experimental set up used to measure the tensile stress in a 

drying film is shown in figure 2.8. A thin layer of the latex dispersion is applied on a thin 

silicon wafer (thickness ~128µm). The substrate (silicone wafer) is clamped on one end 

whereas the other end is free such that it forms a cantilever type of beam. The silicon 

wafer used was ~15 mm long and 4.5 mm in width. The reason for using a silicon wafer 

over other metallic substrates is its reflecting surface. Further, as the wafer is very flat, 

there is no residual stress in the substrate. A laser beam from a laser source is incident on 

the free end of the substrate that reflects the incident beam. The beam reflected from the 

substrate is collected by a position sensitive detector (On-track&). As the name suggests, 

the detector gives the position data (i.e. the x, y coordinates) of the laser beam on the 

detector surface. The orientation of the detector is set in such a way so that the reflected 

beam falls normally on the surface of the detector. The entire detector assembly is 

mounted on an X-Y traverse so that the desired positioning can be done with great 

accuracy. Hence in the present set up both, the laser source and the detector can be 

adjusted easily to get the desired configuration. The position data (i.e. the x, y coordinates  
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Figure 2.8: Schematic of the experimental set-up used to measure the stress in a drying 

film. 
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of the reflected beam) from the detector is directly fed to a computer through a national 

instrument card (SCB-68&). The data card gives the output in volts that is converted to 

the corresponding length units by calibrating the instrument as discussed in the next 

section. Finally the clamped substrate, after the film is applied, is enclosed in a plexiglas 

so as to maintain a stagnant environment during measurements. A digital hygrometer is 

also kept inside the plexiglas to measure the temperature and humidity inside the 

chamber. 

2.3.1 Calibration and stress measurements 

  As the film dries, the drying stresses bend the substrate. The bending of the 

substrate causes a small movement of the reflected beam on the surface of the detector. 

As discussed above, the new position of the reflected beam can be sensed by the detector 

and is directly acquired by the computer. Finally, the displacement of reflected beam on 

detector surface is correlated to the amount of deflection in the substrate that can further 

be related to the average stress in the film as,  

( ) 







+

= $
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,    (2.5) 

where sE  is the elastic modulus of the substrate, fL  is the length of the film, LaserL is the 

length of the initial reflected laser beam, )(tX  is the displacement of the beam on 

detector surface and fs tt ,  are substrate and film thickness respectively. The film 

thickness changes continuously as water evaporates and the thickness at any instant is 

related to the original thickness as 

tEttt ff
$= 0)(       (2.6) 
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where 0ft  is the film thickness at the initial volume fraction and E  is the evaporation rate 

in (m/s). The rate of evaporation was constant throughout the experiment and was 

calculated by a simple mass balance. Here, the amount of water present in the dispersion 

at the start of the experiment was known. Further, to know the amount of water towards 

the end of the experiment, the clamped substrate was removed immediately after the film 

cracked and was put on a weigh balance where the weight versus time data was acquired 

for the last few points. Since the time from the start of the experiment is continuously 

logged, a simple mass balance gives the rate of evaporation. Figure 2.9 shows that the 

weight of the sample decreases at a constant rate, which indicates a constant evaporation 

rate. The solid line is a linear fit to all the points and the evaporation rate (in g/s) is given 

by the slope of the line. In this particular experiment, the crack occurred around 840 s and 

figure 2.10 shows the evaporation rate calculated by considering the first point and the 

last three data points that were logged after the nucleation of the crack. The evaporation 

rate thus obtained differs by less than 1% from the true value. We therefore adopted this 

technique to obtain both the stress and evaporation rate data from the same experiment. 

For calibration of the instrument, a blank substrate (silicone wafer) is employed. 

After making the initial settings (i.e. making sure that the reflected beam falls normally 

on the surface of the detector), the detector is moved in X-direction by a known amount 

using the X-Y traverse. The displacement of the laser point on the detector surface is 

displayed on the computer in units of volts. Further, this displacement can also be 

calculated geometrically since the angle to which the detector is inclined with horizontal 

is known. Hence the measured displacements in volts can be related to the calculated 

displacement in length units. The calibration technique is shown schematically in figure 

2.11.
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Figure 2.9: Typical weight loss vs. time data for the drying of dispersions used in the 

present work. 
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Figure 2.10: Calculated evaporation rate by considering the first and last few points. 
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Figure 2.11: Technique used to calibrate the set-up. 
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2.4 CONCLUSION 

In this chapter, we discussed various techniques to obtain the stress profile in a 

drying dispersion, critical cracking thickness, maximum capillary pressure and 

evaporation rate. The next three chapters report experimental results using one or more of 

these techniques. 
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Chapter   3 

 

CRACKING IN DRYING COLLOIDAL FILMS 

 

ABSTRACT 

 It has been long known that thick films of colloidal dispersions such as wet 

clays, paints and coatings crack under drying. Although capillary stresses generated 

during drying have been recently identified as the cause for cracking, the existence 

of a maximum crack-free film thickness that depends on particle size, rigidity and 

packing has not been understood. Here, we identify two distinct regimes for crack 

free films based on the magnitude of compressive strain at the maximum attainable 

capillary pressure and show remarkable agreement of measurements with our 

theory. We anticipate our results to not only form the basis for design of coating 

formulations for the paints, coatings and ceramics industry but also assist in the 

production of crack free photonic band gap crystals. 

 

3.1 INTRODUCTION 

 When a thin film of wet paint or coating containing suspended sub-micron sized 

colloidal particles is dried on a substrate, evaporation of the solvent concentrates the 

particles into a closed packed array. Further evaporation causes the liquid menisci at the 

top layer of the particle network to exert compressive capillary force on the particle 

network.1,2 The film generally binds to the substrate and resists deformation in the 
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transverse direction giving rise to transverse tensile stresses.3 If the particles are soft, they 

deform to close the pores but in case of hard particles the film cracks to release the 

stresses. Though cracking in drying systems has been investigated on diverse systems 

such as wet clays,4-7 ceramic films,8,9 latex and model colloidal dispersions,10,11 it is only 

recently that a fundamental understanding of the cracking mechanism is beginning to 

emerge.3,12-14 For instance, it has been long observed that irrespective of the particle size 

and hardness, cracks nucleate spontaneously only above a critical film thickness. Chiu et 

al.8,9 measured the maximum crack free thickness for films cast on glass substrates and 

prepared from aqueous dispersions of alumina, polystyrene, and zirconia. The thickness 

was independent of the drying rate and increased with particle size suggesting that films 

containing large particles were less likely to crack; though crack free films of polystyrene 

spheres of similar size were considerably thinner than those obtained with alumina and 

zirconia. The measured critical tensile stress at cracking scaled with the capillary pressure 

(based on particle size). On the theoretical front, Meakin10,11 and others14 adopted the 

statistical description where, starting from an uniformly stressed film, bonds (or springs) 

between the particles are broken at random and the system relaxed to a new equilibrium. 

When this process is repeated a number of times, crack patterns emerge that resemble 

those observed in experiments. Alternatively, the continuum approach, that will be 

adopted here, assumes a macroscopic stress versus strain relation along with energy 

balances to predict crack dynamics. To this end, we adopt the non-linear stress strain 

relation proposed by Routh and Russel2 for drying films composed of a homogeneous 

packing of deformable particles. The constitutive relation was derived by accounting for 

the viscoelastic deformation of a pair of particles due to both interfacial tension and 

external forces such as those exerted by contacting neighbors. Tirumkudulu and Russel3 
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measured the stress evolution and the crack spacing for drying films of dispersions 

containing polymer spheres of varying diameters and shear moduli. They employed the 

Griffith's criterion for equilibrium crack propagation15 along with the aforementioned 

constitutive relation for a network of identical elastic spheres to predict the critical stress 

( c! ) for nucleation of an isolated crack, 
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332
0.1877

2 2

rcpc
GM RR R

h

"!

# #

  
=   

   
    (3.1) 

Here, R  
R

is the particle radius, #  is the solvent-air interfacial tension, h  is the 

film thickness at cracking, G  is the shear modulus of the particles, M is the coordination 

number and rcp"  is the particle volume fraction at random close packing. The model 

assumed no-slip between the substrate and the particle layer in contact with it, with the 

former assumed to be rigid. Consequently, the film consolidates in the direction 

perpendicular to its plane. For particles and substrate of comparable modulus, the 

multiplying constant in Eq. (3.1) reduces by a factor of 0.7. Thus Eq. (3.1) predicts 

thinner films to be tougher as they crack at higher stresses. The predicted scaling agrees 

with experiments though the measured values were about twice the predictions. Next, the 

biaxial stress, ( )
2

(3 35) rcpMG! " $=  in the crack free state at the maximum 

compressive strain, max 1 rcp$ "= % , was set equal to the critical stress for cracking to obtain 

the critical thickness,3,16  

max 3

37

(1 )rcp rcp

h
GM

#

" "
=

%
      (3.2) 

This regime, henceforth referred to as the strain-limited regime, predicts the critical 

thickness to be independent of particle size and increases with decrease in modulus, both 
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in variance with experiments.8 These discrepancies led to the current investigation where 

we show the existence of a second regime for crack free films which is applicable for 

films containing hard particles. 

 

3.2 EXPERIMENTAL SECTION 

Our experiments were performed with various stable aqueous dispersions 

containing particles over a wide range of sizes and shear moduli. Silica dispersion of 

particle volume fraction 0.03 was obtained from Colloidal Dynamics (CD 350 NM®) and 

concentrated to 0.14 via centrifugation. Colloidal silica dispersion (LUDOX, TM 50) was 

procured from Sigma-Aldrich and diluted to 0.03 volume fraction by adding de-ionized 

water. Acrylic dispersions with product codes BX 261, BX 269, BX 273 and Standard 

were obtained from ICI Inc. and diluted to particle volume fraction of 0.13 by adding de-

ionized water. Further, the styrene-butadiene dispersion with product code Styronal ND 

811 was obtained from BASF and diluted to 0.06 particle volume fraction by adding de-

ionized water. 

Thin circular films of approximately 10 mm diameter were cast on clean glass 

substrates using a spin coater. The experiments were conducted at temperatures ranging 

from 26 to 290C and relative humidity from 50 to 60%. The thickness of the final dried 

film could be varied by controlling the initial amount of dispersion disbursed on to the 

substrate. On complete drying, the film was examined for cracks under an upright optical 

microscope (Olympus, BX-60) at varying magnifications. Most films exhibited cracks at 

the rim and close to the center (relatively thick regions) with the remaining area devoid of 

cracks. The thickness profile of the film was measured using a surface profilometer 

(Sloan Dektak-II). The critical thickness corresponds to the maximum thickness of the 
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film in the crack free region. 

3.3 RESULTS AND DISCUSSION 

Figure 3.1 shows a typical thickness profile for one such film with the region 

between S and T being crack free. Films whose thicknesses were everywhere less than 

the critical thickness were completely devoid of cracks. Not only were the measured 

critical thicknesses larger than that predicted by Eq. (3.2) by over two orders, scanning 

electron microscopy images (Figure 3.1 B and C) of the top and interior of the crack free 

domains showed negligible particle deformation even for films containing polymer 

spheres. These observations suggest a maximum capillary pressure ( maxP ) beyond which 

the liquid menisci recede into the porous film, limiting the deformation of the film 

(Figure 3.2). Thus, we predict a stress-limited regime, where the critical thickness is set 

by the balance of the biaxial stress17 at the maximum attainable capillary pressure ( maxP ) 

and the critical stress for cracking, Eq. (3.1),16  

1/ 2 3/ 23

max

max

2
0.64 .

2 ( )

rcpGM R
h

P R

" #

#

   
=    

%    
    (3.3) 

Since the final crack free film is porous, the strain at the maximum attainable capillary 

pressure, ( )max(28 3) rcpP MG"% , is less than (1 )rcp"% . Interestingly, while the critical 

thickness decreases with shear modulus for the first regime, the trend is exactly opposite 

for the stress-limited regime. This is because for a given maximum capillary pressure, the 

stored elastic energy density decreases with increasing shear modulus, thereby allowing 

thicker crack free porous films.  

 A better insight into the above theoretical results can be gained by a simple 

scaling analysis. According to the nonlinear constitutive relation for a drying colloidal 

film containing monodisperse elastic spheres,2 the transverse tensile stress scales with the  
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Figure 3.1: Thickness profile of a dried film. (A) Thickness profile measured along the 

diameter of a dry styrene-butadiene film. (B) SEM of the film surface in the crack free 

region. (C) SEM of the film interior in the crack free region. The region between S and T 

was crack free. 
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Figure 3.2: Critical thickness variations as a function of the shear modulus. At random 

close packing, the menisci at the top particle layer exert a compressive force on the 

particle network. For very soft particles, the particles deform completely to close the 

voids for capillary pressure less than the maximum so that the uniaxial compressive strain 

is,
( )

1
rcp

rcp

rcp

h h

h
$ "

%
& = % . In case of hard particles, the menisci adjust their curvature till 

the maximum capillary pressure max( )P  is reached, beyond which they recede into the 

network resulting in partial deformation. 
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square of the compressive strain, 2~ $! G . When an isolated crack nucleates 

spontaneously in the film, portions of the film over a length that scales with the film 

thickness ( h ) relax, so that elastic energy recovery per unit length of the crack scales as, 

!$2~ hEelastic . On setting this equal to the increased surface energy per unit 

length ( )hES #~  gives (3.1), ( ) 3/23/1~ hGC #! . The strain-limited regime is obtained 

when the capillary pressure is able to completely deform the particles without inducing a 

crack. This is possible only when the tensile stress at maximum deformation 

( max 1 rcp$ "= % ) is less than the critical stress. Thus the critical film thickness ( maxh ) for 

this regime scales as ( ) ( )23/2

max

3/1 1~ rcpGhG "# %  giving (3.2), ( )3

max 1~ rcpGh "# % . On 

the other hand, if the particles are so hard that even the maximum capillary pressure is 

not able to completely deform them, then the critical cracking thickness is obtained by 

equating the critical stress to the tensile stress at the maximum capillary pressure, 

( ) ( )max

3/2

max

3/1 ~ PhG %# , giving (3.3), i.e. ( ) 2/3

max

2/1

max ~ PGh %# . 

Figure 3.3 plots the measured critical thickness over a wide range of sizes and 

shear moduli against the characteristic scale for the stress-limited regime. Here, the 

particle volume fraction was measured by drying the dispersion in a capillary tube and 

noting the initial and the final length of the dispersion plug. The measured values of 

rcp" varied from 0.60 to 0.68 while that for Chiu et al.8 were from 0.59 to 0.62. While the 

measured values of rcp"  were used for our experiments, we chose rcp" =0.6 for that of 

Chiu et al.8 The observed scaling is in remarkable agreement with the predictions over 

five orders of the characteristic scale. Interestingly, though both alumina and zirconia 

particles had a narrow size distribution, the particles were not spherical8 suggesting that  
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Figure 3.3: The measured critical thickness versus the characteristic scale, 
3

2
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#
. 

The data points are for films of acrylic (, 0.8G = GPa, 2R = 82, 133, 206 and 353 nm, 

and ( )rcp M" = 0.65(6.7), 0.66(6.8), 0.68(7.0) and 0.67(6.9), respectively), styrene-

butadiene (, 1G = GPa, 2R = 250 nm, and ( )rcp M" = 0.64(6.6)), silica (, 31G = GPa, 

2R = 330 and 22 nm, and ( )rcp M" = 0.60(6.1) for both), alumina8 (, 156G = GPa, 2R = 

230, 379, 458 and 489 nm, and ( )rcp M" = 0.60(6.1) for all), polystyrene8 (, 

1.6G = GPa, 2R =300 nm, and ( )rcp M" = 0.60(6.1)), and zirconia8 [(, 81G =  GPa, 

2R =200 nm, and ( )rcp M" = 0.60(6.1)). Here the value of surface tension,# , is taken as 

0.072 N/m for all the cases. The solid line is a power law with an exponent ! and the 

multiplying coefficient is obtained via regression. The inset plots the same data in the 

non-dimensional form.
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in the present case, the asphericity of the particles does not significantly affect the critical 

thickness. The coefficient of the best fit (solid line) when compared with Eq. (3.3) gives 

the maximum attainable dimensionless capillary pressure, max( ) 2P R #%  = 1.4. We also 

measured the vapor pressure in equilibrium with a saturated dispersion of styrene-

butadiene particles at close packing ( 0.64)rcp" =  using a dew point potentiameter (WP4®, 

Decagon Devices Inc.). The dimensionless capillary pressure was determined using 

Kelvin equation18 to be 1.2 0.08±  which is close to the predicted value of 1.4. Energetic 

arguments19 for a packing of identical spheres show that the maximum capillary pressure 

depends on the wetting characteristics of the solvent and is given by, 

max( ) 2P R #% = 3cos 2(1 )rcp rcp' " "% , where '  is the wetting angle. At complete wetting 

and for 0.64rcp" = , we obtain a value of 2.7. Given that the wetting angle will depend on 

the nature of particles, the predicted value of the maximum capillary pressure from the 

power law fit and that measured using the dew point potentiameter is within the expected 

range. Further, substituting the maximum capillary pressure in Eq. (3.3) results in the 

critical thickness being proportional to 3 2(1 )rcp rcpM " "% . Consequently, the close 

packing concentration coordination  number could be varied to control the critical 

thickness. Experiments8 show that the critical thickness increased by about a factor of 

two when the addition of electrolyte flocculated the dispersion and reduced the packing 

fraction of the final film from 0.62 to 0.53. Interestingly, with 6.5M =  for rcp" =0.62 and 

5M =  for rcp" =0.53,20 our model predicts an increase by a factor of 1.4, in line with the 

observations. 

We also measured the crack spacing for a large number of dispersions. The dried 

film was examined under an optical upright microscope and for each film thickness, large 

no of cracks (>50) were considered to find the average spacing. The cracks were mostly 

radial and the distance between the cracks varied according to film thickness. Combined 

measurements of the thickness and crack spacing gave a number of data points from a 
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single sample. Figure 3.4 plots the variations in crack spacing with film thickness. Here 

in addition to our experimental results, we also took the spacing data from literature.3,4,7 

As can be seen, the crack spacing varies almost linearly with the film thickness and 

agrees well with the predictions of a linear relationship between crack spacing and film 

thickness by Tirumkudulu and Russel.3 

 

3.4 CONCLUDING REMARKS 

Our study identifies a new regime for obtaining crack free films and thereby 

elucidates the fundamental mechanism responsible for cracking in drying dispersions. 

Since a control on the crack free film thickness is critical to several industrial coating 

processes, the results presented here could form the basis for efficient design of coating 

formulations. These results also have implications for the synthesis of photonic band gap 

crystals via the colloidal crystallization route where capillary forces induced during 

drying of colloidal dispersions pack particles into an ordered 3D array.21,22 Our analysis 

sets an upper limit on the thickness of large single domain bandgap crystals possible via 

this synthesis route. 
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Figure 3.4: Variations in crack spacing with the film thickness. The data points are for 

films of alumina7 ((, 2R=13 nm), PMMA3 (, 2R=95 nm), silica4 (, 2R=20 nm), 

styrene-butadiene (, 2R=250 nm), acrylic82 (, 2R=82 nm), acrylic133 (, 2R=133 

nm), silica330 (, 2R=330 nm). 
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Chapter   4 

 

CRACKING IN DRYING COLLOIDAL FILMS 

OF FLOCCULATED DISPERSIONS  

 

ABSTRACT 

Understanding the mechanism of cracking during drying of aqueous 

colloidal dispersions is important to prevent film failure. While most of the reported 

work has dealt with stable aqueous dispersions, few have focused on flocculated 

systems. The latter especially assumes importance as the role of particle packing on 

the mechanism of cracking is not understood. In this work, we study the cracking of 

colloidal films cast from flocculated aqueous dispersions of -alumina. Here, the 

extent of flocculation is controlled by varying the pH of the dispersion and 

characterized in terms of final packing volume fraction of the dried film. The 

influence of varying close-packed volume fraction on critical cracking thickness and 

critical cracking stress is measured. The measurements are compared with the 

model predictions of Singh and Tirumkudulu1 and good agreement is found 

between theory and experiments, suggesting that the model is universal and applies 

equally well to stable as well as flocculated systems. 

1 

                                                 
 This work was carried out jointly with Laxman R. Bhosale and part of this chapter also appears in his 

Master’s thesis.2 
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4.1 INTRODUCTION 

Cracking of colloidal films has received considerable attention in the recent years 

due to its importance in many important applications such as paints, wet clays, ceramics, 

and coatings where cracking is highly undesirable. When a thin film of aqueous colloidal 

dispersion is applied on an impermeable substrate, water evaporates resulting in an 

increase in solid concentration. In stable dispersions, the strong interparticle repulsive 

forces disperse the particles against the tendency of the attractive forces to bring them 

together. Further evaporation causes particles to concentrate into a closed packed array3-6 

accompanied with the development of stresses in the wet film.7 If the particles are soft, 

they deform and coalesce so as to close the pores whereas in case of hard particles, 

stresses are released by the nucleation and propagation of cracks.1,8 

One of the most important experimental study on cracking of colloidal films was 

reported by Chiu et al.9 who found that irrespective of particle size and rigidity, there 

exists a critical cracking thickness (CCT) below which films do not crack. This thickness 

was further found to increase with particle size. On the theoretical end, Tirumkudulu and 

Russel8 proposed a model based on Griffith’s concept of energy balance between the 

elastic and surface energies to determine the critical stress at which a drying film cracks, 

3/13/1

2 2
1877.0

2
RG

N
MR rcpc       (4.1) 

Here, c  is the critical cracking stress (CCS) at which film cracks, R is the 

particle radius, rcp is random close-packed volume fraction,  is the solvent-air 

interfacial tension, M is the coordination number, N ( Rh 2/ ) is dimensionless film 

thickness and G is the shear modulus of particles. Man and Russel10 have also 
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emphasized the role of elastic energy in the nucleation and propagation of cracks 

although they use a different constitutive relation to predict the critical stress and 

thickness. Using scaling analysis, they showed that the Griffith’s energy balance concept 

provides the lower bound i.e. the necessary condition for crack formation. They have 

further identified the role of flaws as the nucleation sites for crack initiations. Some of the 

recent work has also investigated the resulting crack spacing in drying dispersions.11,12 

which is not the focus of this work. 

A recent study by Singh and Tirumkudulu1 reports the critical cracking thickness 

for a large number of stable aqueous dispersions. They identify two regimes for obtaining 

crack free films. For dispersions containing hard particles (stress-limited regime), the 

CCT increases with particle size as well as particle rigidity while for soft particles where 

the particles completely deform to close the pores (strain-limited regime), the critical 

thickness decreases with increasing particle rigidity but is independent of particle size. In 

the stress-limited regime, particles do not deform completely and the critical cracking 

thickness is obtained by equating the bulk stress in the film at maximum attainable 

capillary pressure to the critical stress for cracking. On the other hand, in the strain-

limited regime, particles completely deform before capillary pressure reaches the 

maximum value. Here the critical cracking thickness is obtained by equating the bulk 

stress at maximum strain with the critical stress for cracking. The critical thickness for 

the stress-limited regime given by, 

2/3

max

2/13

max )(
2

2
64.0

RP
RMG

h rcp    (4.2) 



 71

agrees well with measurements over a wide range of particle sizes and particle shear 

moduli. Here, Pmax is the maximum attainable capillary pressure and hmax is the critical 

cracking thickness. Further, the model also suggests that the cracking behavior is 

influenced by particles packing fraction in the drying film; a prediction yet to be verified. 

 We study the effect of flocculation on both the critical stress and the critical 

cracking thickness in drying films. Here, the interparticle stabilizing forces are weak and 

are overcome by the attractive van der Waals forces causing the particles to contact well 

before reaching random close packing volume fractions. An electrostatically stabilized 

dispersion can be flocculated either by adding electrolyte to the dispersion or by altering 

the pH to reduce the effective surface charge. In general, the particles agglomerate to 

form flocs that are open fractal structures (figure 4.1). As the water continues to 

evaporate, the flocs connect to form a percolating network that spans the entire thickness 

of the film. The network has a yield stress and the film consolidates when the capillary 

pressure exerted by the fluid interface at the top of the film exceeds the network 

strength.13 As the film consolidates and the particles rearrange to form stronger networks, 

the liquid either recedes into the porous packing when the capillary pressure reaches a 

maximum while still below the yield stress of the network or the film cracks under 

transverse tensile stresses generated due to the constraint imposed by the substrate to 

lateral shrinkage. The final packing volume fraction of the dried film is less than the 

random close packing fraction. Chiu et al.9 varied the degree of flocculation of alumina 

dispersion by adding salt (NaCl) and found that the CCT initially increases with salt 

concentration, passes through a maximum and then starts decreasing. The CCT was 

found to increase from 70 m to ~200 m when the salt concentration was increased  
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Figure 4.1: Schematic of a drying colloidal film of (i) stable and (ii) flocculated 

dispersion. 
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from zero to 100mM. They attributed the increase in CCT to the decrease in stabilizing 

electrostatic double layer forces that flocculate the particles and ultimately result in films 

with low green densities. On the other hand, Carreras et al.14 have recently shown that the 

measured CCT for films cast from stable alumina dispersions (pH~1.75) were three times 

higher than that obtained from flocculated suspensions (pH~9) in apparent contradiction 

to the earlier work of Chiu et al.9 Here the increase in CCT at low pH is attributed to the 

superior mechanical properties due to higher final solids concentration. 

 While the above experiments do suggest a clear influence of flocculation on 

cracking, the observed trends are contradictory. More importantly, it is not clear what 

mechanism controls cracking in flocculated systems. Further, if the Griffith’s criterion is 

applicable to flocculated systems, how does one account for the network strength? We 

address these questions by varying the degree of flocculation of aqueous -alumina 

dispersions over a wide range of pH and measuring the final packing volume fraction 

)( f , the critical stress at cracking for varying film thicknesses and the critical cracking 

thickness. We show that the model developed for cracking in stable dispersions predicts 

well the measurements if rcp  is replaced by f  while correcting for the number of 

nearest neighbors in contact. In other words, the model is universal and can predict 

equally well the cracking phenomenon in both stable as well as flocculated dispersions. 

 

4.2 EXPERIMENTAL SECTION 

 High purity -alumina (AKP-30) with average particle size of 335nm was 

obtained from Sigma-Aldrich . Dilute dispersions with initial volume fraction of 13-

20% were prepared by dispersing AKP-30 in deionized water. Because of extensive 
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ageing of dispersion in glass, the iso-electric point changes over time.15 To prevent 

this, all the dispersions were prepared in polypropylene bottles. Before preparing the 

dispersions, polypropylene bottles were thoroughly cleaned by soaking successively 

in 1M solution of HNO3, distilled water, 1M solution of KOH and finally in distilled 

water, each for 12 hours. The pH of these dispersions was adjusted using analytical 

grade HNO3 and KOH respectively. Before carrying out the measurements, all the 

dispersions were re-dispersed using cyclo-mixer and an ultrasonicator for 4-5 

minutes. The final packing volume fraction of these dispersions at different pH was 

measured using glass capillaries, each having a size of 300 m in diameter. Here, the 

original dispersion was allowed to dry from one end of the capillary tube under 

ambient conditions. The final packing volume fraction ( f ) was calculated by noting 

the initial and the final length of the dispersion plug and then applying the mass 

balance relation. To further establish the authenticity of the data, we also measured 

the final packing volume fraction ( f ) using a Goniometer (Dizidrop ). A small drop 

of the dispersion was put on a glass substrate kept on the platform of the instrument 

and was continuously imaged during the entire period of drying. Care was taken to 

ensure that the drop is symmetric and is fully focused during imaging. Finally the 

images taken at the start ( 0t ) and at the end of the drying process were used to 

determine the profile of the drop. These profiles were then integrated to get the initial 

and the final volume of the drop. As the initial volume fraction is known, a volume 

balance gives the final packing volume fraction ( f ). The data generated using this 

technique for two different pH values is also plotted along with the other data in 

Figure 4.2.  
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Figure 4.2: Variation of the final packing volume fraction ( f ) and zeta potential as 

a function of pH for AKP-30 dispersion (26.1 0C and 43% RH). The zeta potential 

data is taken from Johnson et al.16 The solid lines are provided as a guide to the eye. 
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As can be seen, the two different measurement techniques essentially give the same 

values for the final packing volume fraction ( f ) confirming that the data is reliable and 

the effect of shear stresses due to capillary walls is negligible. 

The CCT measurements were performed over a temperature range of 25-28oC and 

a relative humidity of 35-40%. Thin films of the dispersions were cast on glass substrates 

by disbursing a small amount of liquid using a spin coater (slow rotation rate~20 rpm). 

Here, the spin coater was employed to spread the liquid uniformly over a fixed area so as 

to obtain a nearly circular film. Further, the thickness of the film was varied by 

disbursing increasing amounts of dispersion over the same area. After the films were cast, 

they were left to dry under ambient conditions. On complete drying, it was examined 

under an optical upright microscope (Olympus , BX-60) for cracks at varying 

magnifications. In case of dispersions that were highly flocculated and had very large 

critical thicknesses, the films were dried in open vials of square cross section (1.3 cm by 

1.3 cm). Finally, the thickness profile of the dry film was obtained using a surface 

profilometer (Dektak-150 ). It should be noted that in some cases the entire film was 

crack free which gave the lower limit for CCT. 

 The classical cantilever technique was employed to measure the stress in a drying 

film.17 Here, a thin layer of the dispersion was applied on a thin silicon wafer of 

dimensions 13mm (length) by 5mm (width) by 0.128 mm (thickness) and clamped on one 

side. A laser beam is reflected from the free end of the substrate and collected by a 

position sensitive detector (On-track ). The position of the detector is set in such a way 

that the reflected beam falls normally on the surface of the detector. The entire detector 
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assembly is mounted on an X-Y traverse so that the desired positioning can be done with 

precision. The position data (i.e. the x, y coordinate of the reflected beam) from the 

detector is directly fed to a computer. As the film dries, the tensile stresses in the drying 

film bend the substrate that consequently results in the movement of reflected beam on 

detector surface. Finally, the displacement of the reflected beam is related to the average 

tensile stress in the film. The details of the technique and the typical stress profiles can be 

found elsewhere.6 

 

4.3 RESULTS AND DISCUSSION 

 The zeta potential measurements for AKP-30 dispersions at varying volume 

fractions by Johnson et al.16 are reproduced on the secondary y-axis of figure 4.2. The 

potential is high and positive at low pH and decreases with increasing pH. At pH~9.6, the 

potential passes through the iso-electric point and decreases further with pH to become 

large and negative. We quantify the extent of flocculation in a dried dispersion in terms 

of final packing volume fraction ( f ). 

The variation of final packing volume fraction with pH for the AKP-30 dispersion 

is plotted on the primary y-axis of figure 4.2. The measured volume fraction shows direct 

correspondence with the reported zeta potential measurement in that, at low pH, the final 

packing volume fraction is highest due to the higher surface charge. As the pH is 

increased, the surface charge decreases which results in a weaker stabilizing force. As the 

stabilizing repulsive forces between particles decrease, the dispersion becomes unstable 

and leads to particle flocculation. This is evident from lower values of final packing 

volume fraction as we increase the pH. At a pH of ~9.6 (iso-electric point), the charges at 
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the surface are completely neutralized and there are no stabilizing forces. As expected, 

the final packing volume fraction is the lowest, f ~0.16 at this pH. The low values of 

f close to the iso-electric point are not entirely surprising since it is well know that the 

gelation volume fraction at iso-electric point for similar systems is approximately 0.14.18 

With further increase in pH the particle surface acquires negative charge resulting in a 

greater stability of the dispersion. This is again evident from higher values of final 

packing volume fraction at high pH.  

In figure 4.3, the experimentally measured CCTs are compared with the model of 

Singh and Tirumkudulu1 over almost the entire range of pH values. The measured CCT 

(filled squares) initially decreases slightly as the pH is increased from ~4 to 6. With the 

further increase in pH from 6 to ~10, there is a sharp increase in the CCT values with the 

maximum observed at a pH of ~10. Finally, the measured CCT is found to decrease as 

pH is further increased from 10 to ~12. The solid line in figure 4.3 is the prediction by the 

model of Singh and Tirumkudulu.1 As per the model, the critical cracking thickness 

depends on the value of the maximum capillary pressure )( maxP (equation (4.2)). 
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Figure 4.3: Comparison of measured critical cracking thickness (CCT) with the model of 

Singh and Tirumkudulu 1 at different pH values. Further, the values for f and M at 

different pH values are; [(pH, f , M)=(3.97, 0.66, 6.96), (4.98, 0.61, 6.18), (6, 0.56, 

5.12), (7.25, 0.52, 4.90), (9.3, 0.18, 1.03), (10.46, 0.40, 3.82) and (11.88, 0.68, 7.02)] 

respectively. A contact angle of 350 was assumed.27 
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However, the maximum capillary pressure itself is a function of final packing volume 

fraction and the wetting angle1,19 

( Pmax )R
2

3
2

cos f

1 f

      (4.3) 

On replacing the above dimensionless capillary pressure in (4.2), the dependence of CCT 

on final packing volume fraction f  becomes 

2/1

23

33

max )(cos27
)1(4

64.0
f

fRMG
h       (4.4) 

The model clearly predicts an increase in CCT with decrease in final packing 

volume fraction f . This is because a decrease in capillary pressure due to the lower 

final packing fraction results in lower stored elastic energy in the drying film. 

Consequently, the film cracks at a greater thickness to equal the increase in the surface 

energy. The model prediction compares fairly well against the measured CCTs in that the 

model captures the peak close to the iso-electric point and the subsequent decrease at 

higher pH values. The number of contacting neighbors ( M ) is calculated by 

extrapolating the data from Uri et al.20 who have reported the coordination number as a 

function of final packing volume fraction for a large number of particle systems. The 

slight shift in the predicted peak compared to the measured values can be attributed to 

small errors in pH measurements (about 0.25 pH). At low pH (<6) however, the 

experiments exhibit a reverse trend compared to the model predictions. One plausible 

reason could be the high solubility of alumina at low pH21 that could lead to the 

precipitation of alumina at particle contacts on complete drying. This would in turn lead 

to strengthening of the network without significantly altering the final packing volume 
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fraction. Such a phenomena is not accounted for in our model and could be the cause for 

the observed discrepancy. Chiu et al.9 also report higher CCT below pH 2 and have 

attributed this to the higher solubility of alumina at low pH which explains the difference 

in the observed trend with respect to those of Carreras et al.14 Nevertheless, our model 

captures quite well the measured trend for the remaining pH values. The above results 

point to the importance of capillary pressure and its role in the cracking of drying films of 

colloidal dispersions.  

Figure 4.4 plots the dimensionless critical cracking stress against the 

dimensionless characteristic scale )/( 2NM m  for dispersions with pH of 3.3, 6.5, 7.8, 

10.0 and 11.1. Here, the average thickness of the film )(h  is used to calculate the 

dimensionless film thickness )
2

(
R
hN . It should be noted that the transverse flow6 

generated by high capillary pressures at the film edges leads to slight inhomogeneties in 

the thickness over the film. Thus although the average thickness may be less than the 

CCT, the actual thickness over certain regions of the film would be well above CCT.8 

The solid line in figure 4.4 is a fit from the model of Tirumkudulu and Russel (4.1) with 

an exponent of 1/3.22 As can be seen, the experiments are in good agreement with the 

model of Tirumkudulu and Russel.8 These results are a clear proof that the model 

developed to explain cracking in the stable dispersions is equally capable of predicting 

the cracking behavior in flocculated systems. But it is important to note that the model is 

incapable of predicting the final volume fraction at which a given drying film will crack, 

which is still an unsolved problem. However, once the final volume fraction of the dry 

film is known, the critical stress and thickness variation with respect to other system 

parameters (shear modulus, particle radius etc.) is captured well by the model.  
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Figure 4.4: Plot of measured dimensionless critical cracking stress )2/( Rc  vs. the 

dimensionless characteristic scale )/( 2NM f . The data points are for films of AKP-30 

dispersion with varying pH. The solid line is a power law fit with an exponent of 1/3. The 

values for f and M at different pH are; [(pH, f , M)=(3.3, 0.69, 7.2), (6.5, 0.55, 5.23), 

(7.8, 0.35, 3.3), (10, 0.29, 2.76) and (11.1, 0.58, 5.51)] respectively. 
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4.4 CONCLUSION 

The cracking behavior of a model flocculated aqueous dispersions over a broad 

range of pH values is investigated. The measured values of critical stress and thickness in 

both the stable and flocculated regimes were compared with the prediction of the existing 

model1 for stable dispersion. While good agreement was found for pH>6, some 

discrepancy was observed in the critical thickness at lower pH. This study highlights the 

importance of capillary pressure in the cracking of drying films of colloidal dispersions 

and demonstrates how the cracking characteristics can be drastically altered by merely 

varying the final packing fraction. The proposed model provides a complete theoretical 

framework to predict the cracking characteristics of drying colloidal dispersions and 

could form the basis of efficient design of coating formulations. One such application is 

the tape-casting technology where thin flat ceramic sheets are produced for a variety of 

applications such as multilayered capacitors, multilayered ceramic packages, membranes 

for fuel cell, etc23-26 and the primary concern is to obtain a film with no defects or cracks. 

Our study can help in optimizing the system variables to control the cracking of these 

films.  
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Chapter 5

FILM FORMATION IN LATEX

BLENDS:THEORY AND EXPERIMENTS

ABSTRACT

Volatile organic compounds (VOCs) in the traditional paint and coating

formulations are an important health and environmental concern and cur-

rent formulations are increasingly moving towards water-based dispersions.

However, even within the water-based systems, small quantities of organic

solvents are used to promote particle coalescence. One route to achieving

this goal has been to use mixtures of soft and hard particles, also known as

latex blends. We investigate the drying of colloidal films containing mixtures

of silica and acrylic particles. Since both the particles deform only slightly

at room temperature, this work investigates the cracking behavior of films

containing elastic particles of two different elastic moduli. We extend an

existing model for the stress versus strain relation for identical particles in a

colloidal film to that containing a mixture of equal-sized hard and soft elastic

spheres while accounting for the non-affine deformation. A transition from

soft to rigid-like behavior is observed beyond a critical hard particle volume

fraction ratio that matches with published results obtained from computer

simulations. The model predictions are validated with extensive experimen-

tal data on the critical stress and critical cracking thickness for various ratios

of hard and soft particle volume fraction.
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5.1 INTRODUCTION

Adverse impact on health and environment are forcing the paint and coating manu-

facturers to replace the volatile organic compounds in traditional formulations with

water-based formulations, also referred to as Latex. However, even the water-based for-

mulations are not completely organic solvent free and contain small amounts of organic

compounds to plasticize polymer particles so that a balance between film forming ability

and the mechanical properties of the final film can be achieved under ambient condi-

tions.1 For example, polymers with low glass transition temperature (Tg) will easily

film form at room temperature but the final film will be tacky with poor mechanical

properties. On the other hand, polymers with high Tg have good elastic properties but

the final film suffers with the problem of cracking.2,3

To achieve both, good film forming ability and excellent mechanical properties from

aqueous dispersions without the use of volatile compounds, several approaches have

been explored. One of these is the use of core/shell latex particles where the core of

the particle is a high Tg polymer whereas the shell is a low Tg film-forming polymer.

When particles come in contact, the shell coalesces to form a continuous phase whereas

the core provides the mechanical strength to the final film. The other approach, which

forms the subject matter of this study, is the use of latex blends containing soft (low

Tg) and hard (high Tg) polymer particles. In these blends, soft particles coalesce to fill

the voids and the hard ones give mechanical strength to the final film.

While most of the existing literature on the film formation and cracking mechanism

in drying colloidal films consider monodisperse spheres with identical mechanical prop-

erties,4,5 a few have focused on latex blends. Winnik and Feng1 experimented with a

latex blend containing a high-Tg polymer [poly(methyl methacrylate), PMMA] and a

copolymer of butyl methacrylate and butyl acrylate [P(BMA-co-BA)] with Tg≤ 10oC,

and found that the films dry at a slower rate than films cast from dispersions contain-

ing only one type of particle. They observed that the rate of drying passes through a
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minimum with increasing hard particle volume fraction with the minimum occurring at

a value of α = 0.56, where α is the ratio of hard particles volume to the total solid

volume. As expected, the ratio of hard to total solid volume was found to strongly affect

the film formation behavior of the blend. Martinez and Lewis6 have reported the film

formation in blends of latex and silica. In this study, the film shape evolution and the

stress development during film formation were studied for a blend of acrylic latex (parti-

cle size of 330 nm and Tg of -6oC) and silica (particle size of 570 nm). It was found that

blends with α < 0.4 behaved like pure latex films. However, a marked transition from

a deformable to rigid-like response was observed as the silica volume fraction increased

beyond this value (i.e. α > 0.4 ). They measured the stress of the drying film using the

well known cantilever technique and found that the stress peak became sharper as the

silica volume fraction in the blend was increased.

Lepizzera et al.2 have studied the influence of glass transition temperature and rel-

ative particle loading on film forming ability and mechanical properties of latex blend

films. The hard latex in this study was synthesized from PMMA with particle size and

particle glass transition temperature as 210 nm and 105oC respectively. Soft particles

were based on methyl methacrylate-butyl acrylate-acrylic acid with a size ranging from

55 to 210 nm and a Tg ranging from -1 to 18oC. It was found that for blends with soft

particle Tg less than 0oC, the maximum weight fraction of hard latex for obtaining

crack-free transparent films is constant and equal to α = 0.55 irrespective of soft par-

ticle Tg. On the other hand, an inverse proportionality between hard particle weight

fraction and soft particle Tg was observed for films with soft particle Tg greater than

0oC. Further, irrespective of soft particle Tg, all films crack for α > 0.55. Some of the

studies have also considered the effect of particle size and size ratio on film formation

behavior of latex blends. Colombini et al.7 found that higher the soft/hard particle

size ratio, the film cracks at lower values of α. The size of the dispersed hard phase

also affects the viscoelastic film properties with smaller particles giving mechanically

strong films. Tzitzinou and Keddie8 have also shown the influence of size ratio on film
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formation behavior. Depending on the concentration of small particles, they can form a

connecting network around the larger ones leading to a continuous phase inversion. Feng

et al.9 have reported the effect of particle size, glass transition temperature, evaporation

rate and soft particle volume fraction ratio on morphology and transparency of blend

films. At high evaporation rates, they obtained turbid films which was attributed to the

insufficient time available for the soft particles to deform and close the void spaces in

the film. The turbidity of the film is caused by light scattering from defects that are

comparable or larger than the wavelength of light. Turbid films were also obtained when

the hard particles aggregated and a nonuniform distribution of hard and soft particles

was obtained. On the other hand, decreasing the Tg or increasing the fraction of soft

particles improved the transparency of the film. They conclude that the size of the soft

particles plays a minor role in determining the transparency of the film.

On the theoretical end, Jagota and Scherer10,11 have studied the sintering rates and

viscosities of two and three-dimensional random packing of hard and soft spheres of

identical size using a numerical model. The particle packing was replaced by a network

of points (that represent the center of particles) and links (that represent the contacts

between the particles). Further, depending on the type of interaction, the links were

either represented by springs or by dashpots. Finally the deformation of this network

was studied to investigate the sintering and deformation of randomly packed spheres.

Here, two different cases were considered. In the first (bonded) case, the contact between

hard particles resist all the relative velocities as well as spins. In second (sliding) case,

the contacts between hard particles can slide and bend but resist interpenetration. In

their analysis, force and moment balance equations were solved at each network point

assuming that the system is in equilibrium. It was found that the transition from soft

to hardlike behavior occurs at a rigidity threshold which coincides with the percolation

threshold (α = 0.32) for the bonded case whereas in sliding case, the rigidity threshold

was much higher (α ∼ 1) than the percolation threshold.

We present both the theoretical and experimental investigations of latex blends con-
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taining equal sized elastic spheres of two different shear moduli. The model developed

here extends the stress versus strain relation of Routh and Russel4 for a drying col-

loidal film containing identical spherical particles to that containing a latex blend. They

considered the viscoelastic deformation of a pair of identical particles due to contact

and interfacial forces and related the strain at the particle level to these forces. Next,

they volume averaged the forces over all orientations to arrive at the macroscopic stress

versus strain relationship for a drying film. The model has been successful in predicting

not only the stress profile in drying films of both film forming and non film forming

dispersions,12 but also in predicting the cracking mechanism in the latter.3,5

In the present work, a mathematical model for film formation in latex blends has been

developed. Here, we have employed the concepts developed for monodisperse systems

and derived the constitutive equation for a blend with soft and hard particles. We

account for the non-affine deformation in the film and predict critical cracking stress

and critical cracking thickness (CCT) that are validated with measurements on a blend

of acrylic and silica particles.

5.2 MODEL

Consider a drying colloidal film containing equal sized spherical particles of two different

shear moduli. When the particles reach close packing, three different types of contacts

between a pair of particles are possible, namely, hard sphere-hard sphere (HH) contact,

hard sphere-soft sphere (HS) contact, and soft sphere-soft sphere (SS) contact. The HH

and SS contacts for the deformation of a two-particle system have been solved by Routh

and Russel.4 They assumed that the particle pair is subjected to contact forces, F,

that act along the line joining the centers of spheres and the particles deform such that

they remain sections of spheres (figure 5.1(c)) throughout the deformation. For the HS

contact, we consider a pair of contacting hard and soft elastic spherical particles of equal
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size acted upon by contact forces, F, again, acting along the line joining their centers

but we assume that the hard sphere is rigid while the soft sphere deforms elastically

under the applied forces. Therefore, on complete deformation, the soft sphere engulfs

the hard sphere. Figures 5.1(a)-5.1(d) present schematics of the hard-soft particle pair

at various stages of deformation.

The strain at the particle pair level is defined as the ratio of the change in the

inter-particle center to center distance, at any instant to that at complete deformation,

�HS =
change in inter-particle distance (at time t)

change in inter-particle distance at complete deformation
(5.1)

For the present case,

�HS =
2R0 − dt

2R0 − df

(5.2)

where df = ( 3
√

2 − 1)R0. Here, R0 is the original radius of the two particles, Rt is the

radius of the soft sphere after the onset of deformation, dt is the distance between the

centers of the hard and soft sphere during deformation while df is the distance between

the spheres at complete deformation. The variable z
�
denotes the axial distance between

the center of the soft sphere and the vertical plane passing through the intersection of

the two spheres. The first step towards obtaining the stress-strain relation is to relate

the radius of the expanding soft sphere to its original radius and the particle strain. The

calculation of Rt/R0 involves volume conservation equation and is presented in Appendix

A. Since, the value of Rt/R0 is known at �HS = 0, (5.35) is successively differentiated

with respect to �HS to obtain a Taylor series expansion upto O(�2

HS
),

Rt

R0

= 1 + β�
2

HS
+ O(�3

HS
) where β ≡ (3− 3

√
2)2

8
(5.3)

As mentioned earlier, the goal is to relate the strain at the particle pair level to the

forces acting on the pair. During the deformation, it is assumed that the surface of the

soft sphere deforms radially while the surface of the hard sphere translates in the axial

direction. Consequently, the surface displacement vector for the soft sphere is given by,

�S1 = (Rt −R0) n̂1 + g(R0, �HS)êz
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while that for the hard sphere is given by,

�S2 = −(2R0 − dt)êz

where, n̂1 and n̂2 (see figure 5.1(c)) are unit vectors perpendicular to the surface of the

soft and hard sphere respectively while êz is the unit vector in the z- direction. The

function, g(R0, �HS), is introduced to ensure global incompressibility condition. Then,

the strain over the volume of the particle pair is given by (Appendix A),

�

V

↔
�HSdV =

�

V

1

2

�
�∇�S + �∇�S

T

�
=

�

A

1

2

�
n̂�S + �Sn̂

�
dA

=
4

3
πR

3

0
β�

2

HS

�↔
I − 3êz êz

�
(5.4)

Since the volume of each sphere is
4

3
πR

3

0
, the volume averaged strain over the two

particles is

�↔
�HS

�
=

β

2
�
2

HS

�↔
I − 3êz êz

�
(5.5)

Next, we determine the volume averaged stress on the particle pair. The volume

integral of stress over the particle pair can be transformed to a surface integral by

invoking the Gauss’s theorem,

�

V

↔
σdV =

�

A

n̂ · ↔σ�xdA (5.6)

where n̂ is the unit normal from the surfaces of both particles and �x is the position

vector. Since we neglect van der Waals force and interfacial tension, only the inter-

particle contact force contributes to stress,

n̂ · ↔σ = −P0n̂ ·
↔
I +

F

2πRt

δ (z + Rt) êz −
F

2πR0

δ (z − dt −R0) êz (5.7)

where δ(z) is the Dirac-Delta function and P0 is the pressure in the surrounding fluid.
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On substituting (5.7) in (5.6), we have
�

V

↔
σHSdV = −

�

A1+A2

n̂P0�xdA +

�

A1

F δ (z + Rt)

2πRt

êz (rêr + zêz) dA (5.8)

−
�

A2

F δ (z − dt −R0)

2πR0

êz (rêr + zêz) dA

= −8

3
πR

3

0
P0

↔
I − 4FR0

�
1−

�
β

2
�HS

�
êz êz (5.9)

where A1 and A2 represent surface areas of soft and hard surface respectively (see Ap-

pendix B). The stress is then averaged over the two spheres to obtain the volume averaged

quantity,
�↔
σHS

�
=

1

V

�

V

↔
σHSdV = −P0

↔
I − 3F

2πR2

0

�
1−

�
β

2
�HS

�
êz êz (5.10)

For the particle pair deforming under the contacting force, the deviatoric stress �↔σHS�

and the strain �↔�HS� are related to stress relaxation modulus of the material by

�↔
τ HS

�
= 2

�
t

−∞
G

�
t− t

�
�

d
�↔
�HS

�

dt
� dt

�
(5.11)

The deviatoric stress tensor is related to the total stress,
�↔
σHS

�
and the isotropic pressure

P as
�↔
σHS

�
=

�↔
τ HS

�
− �P �

↔
I (5.12)

where

�P � = P0 +
F

2πR2

0

�
1−

�
β

2
�HS

�
, and

�↔τ HS� =
F

2πR2

0

�
1−

�
β

2
�HS

��↔
I − 3êz êz

�
.

On substituting the averaged deviatoric stress and strain tensor in (5.9), the contact

force is related to the particle strain to O(�2

HS
),

F =
4πR2

0

3
β

t�

−∞

G(t− t
�
)

d

dt
�

�
�
2

HS

�
dt
� (5.13)
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Note that the trace of the volume averaged stress gives the average isotropic pressure in

the particle as well as the equation governing the viscoelastic deformation of two spheres

(5.13).

5.2.1 Non-affine deformation

Recall that Routh and Russel4 derived the stress-strain relation for a film containing

monodisperse identical spheres by assuming affine deformation, where the strain at the

particle level is the same as that at the macroscopic level. However, for a latex blend

containing equal sized hard and soft spheres, the strain at the particle pair level will

depend on the moduli of the interacting particles and will in general be different from

that at macroscopic level. Next, we account for the non-affinity by assuming that the

strain at the particle pair level for the three types of interactions differs from macroscopic

strain by a function that, at lower order, is linear in macroscopic strain,

�↔
�SS

�
−

�↔
�
�

= a
�↔
�
�
, (5.14)

�↔
�HH

�
−

�↔
�
�

= b
�↔
�
�
, (5.15)

�↔
�HS

�
−

�↔
�
�

= c
�↔
�
�
, (5.16)

Here
�↔
�
�

is the macroscopic strain tensor and
�↔
�SS

�
,
�↔
�HH

�
and

�↔
�HS

�
are respectively

the strain tensors at the particle pair level for soft-soft, hard-hard and hard-soft inter-

actions. If the fraction of hard particles (of total particles) is α, then the probability of

finding a pair of hard-hard particles in a representative volume is α2, a pair of soft-soft

particles is (1− α)2 and a pair of hard-soft particles, 2α (1− α),

α
2
�↔
�HH

�
+ (1− α)2

�↔
�SS

�
+ 2α(1− α)

�↔
�HS

�
=

�↔
�
�

(5.17)

The constraint equation is therefore

a(1− α)2 + bα
2 + 2cα(1− α) = 0 (5.18)
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5.2.2 Orientational average stress-strain relation

We focus on a single particle in the packing and integrate over the configuration of its

neighbors to obtain the volume averaged macroscopic stress,4

�↔σ� =
1

V

�

V

↔
σdV =

1

V





�

contacts

�F �R−
�

V

P0

↔
IdV




 (5.19)

where,
↔
σ is the macroscopic stress in a representative volume containing the particles,

�
represents the contribution from all its contacting neighbors, P0 is the pressure in

the liquid and �R is the position vector for the contacting forces (figure 5.1(d)). The

averaged stress (in indical notation) can be rewritten to highlight the contribution from

the two phases,

�σij� = −(1− φ)P0δij� �� �
liquid

−
�

φP0δij +
1

V

�

n

�F
n

i
�R

n

j

�

� �� �
solid

(5.20)

Since the stress generated in the solid phase arises from all possible interaction, we have

σij = − (1− φ) P0−
�

φP0δij +
1

V

�

n

�
α

2
�
F

n

i
R

n

j

�
HH

+ (1− α)2
�
F

n

i
R

n

j

�
SS

+ 2α(1− α)
�
F

n

i
R

n

j

�
HS

��

(5.21)

The product of the contact force and its position vector for each of the interactions to

the lowest order in respective strain is given by

(FiRj)SS
=

πR3

0

2

t�

−∞

GSS

�
t− t

�
� d

dt
�




�

rm�
(SS)

mn rn

r2

�2


 rirj

r2
dt

�
(5.22)

(FiRj)HH
=

πR3

0

2

t�

−∞

GHH

�
t− t

�
� d

dt
�




�

rm�
(HH)

mn rn

r2

�2


 rirj

r2
dt

�
(5.23)

(FiRj)HS
=

4πR3

0

3
β

t�

−∞

GHS

�
t− t

�
� d

dt
�




�

rm�
(HS)

mn rn

r2

�2


 rirj

r2
dt

�
(5.24)

where the soft-soft (5.22) and hard-hard (5.23) particle contact relations are taken from

Routh and Russel4 and, GSS, GHH and GHS are the relaxation moduli for the three con-
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tacts. Note that GHS becomes equal to GSS when GHH � GSS. Assuming all orientations

of the particles to be equally likely, we average over them to obtain,

σij = −P0δij −
Mφ

280

t�

−∞






(1− α)2 (1 + a)2
GSS

�
t− t

��

+α2 (1 + b)2
GHH

�
t− t

��

+
�

8

3
β
�
2α (1− α) (1 + c)2

GHS

�
t− t

��




×

d

dt
�

�
δij

�
�
2

mm
+ 2�mn�nm

�
+ 4�mm�ij + 8�im�mj

�
dt

�
(5.25)

where, φ is the total solid volume fraction and M is the average number of nearest

neighbors. Up to this point, we have assumed the most general form of constitutive

relation for the film deformation. In order to determine the values of a, b and c, we shall

now consider special case of a packing containing hard and soft elastic spheres where

the above relation becomes,

σij = −P0δij −
Mφ

280
Geff

�
δij

�
�
2

mm
+ 2�mn�nm

�
+ 4�mm�ij + 8�im�mj

�
(5.26)

with Geff ≡






(1− α)2 (1 + a)2
GSS

+α2 (1 + b)2
GHH

+
�

8

3
β
�
2α (1− α) (1 + c)2

GHS






Landau and Lifshitz13 show that for an isotropic elastic material, the elastic energy

density up to third order in strain is given by,

E = µ�lk�kl +
�

κ

2
− µ

3

�
�kk�ll +

A

3
�lk�km�ml + B�ll�km�mk +

C

3
�ll�kk�mm (5.27)

where µ, κ, A, B and C are material constants. On differentiating (5.27), with respect

to �ij and comparing with (5.26) for elastic spheres, we find that in absence of solvent

(P0 = 0),

µ = 0 ; κ = 0 ;
A

8
=

B

2
= C =

Mφ

280
Geff

The elastic energy for closed packing of a latex blend (in the absence of solvent) to the

lowest order in strain can be obtained by substituting values of A, B and C in (5.27).

Next, we hypothesize that the non-affine strains at the particle level will be such that

they minimize the elastic energy of the network. Here we use the standard principle
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of minimum total potential energy, which states that of all displacements that satisfy

the boundary conditions of a structural system, those corresponding to configurations of

stable equilibrium make the total potential energy a relative minimum. This approach

is similar to the Hashin-Shtrikman’s variational method14 used to determine bounds for

the overall shear modulus for composites containing linear elastic phases.

Under a given deformation, minimization of E with respect to non-affine strains

amounts to minimizing the coefficient Geff with the constraint given in (5.18), i.e.

Minimize Geff for Constraint : a(1− α)2 + bα
2 + 2cα(1− α) = 0 (5.28)

Using the method of Langrange multipliers we get,

1 + a =
1/GSS�

α2

GHH

+
(1− α)2

GSS

+

�
3

8β

�
2α (1− α)

GHS

�

1 + b =
1/GHH�

α2

GHH

+
(1− α)2

GSS

+

�
3

8β

�
2α (1− α)

GHS

�

1 + c =
(3/8β)(1/GHS)�

α2

GHH

+
(1− α)2

GSS

+

�
3

8β

�
2α (1− α)

GHS

�

so that the effective shear modulus becomes,

Geff =
1�

α2

GHH

+
(1− α)2

GSS

+

�
3

8β

�
2α (1− α)

GHS

�

Note that the constitutive relation (5.26) is similar to that derived by Routh and Russel4

for identical spheres except that the shear modulus is replaced by the effective modulus.

Tirumkudulu and Russel3 used their constitutive relation to calculate the stress field

in a drying film and determined the critical stress for the film to crack by adopting the

well known Griffith’s energy balance concept. For the case of a drying film containing
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latex blends, we can write directly the expression for the critical stress for cracking,

σc,iR0

2γ
= 0.1877

�
2R0

h

� 2
3
�

GeffMφrcpR0

2γ

� 1
3

. (5.29)

Here, γ is the liquid-gas interfacial tension, h is the film thickness and φrcp is the random

close packing volume fraction. The derivation of the above expression can be understood

from a simple scaling analysis. According to the constitutive relation, the in-plane tensile

stress generated in the film during drying scales with the square of the strain, σ ∼ G�2.

On equating the elastic energy recovered per unit length of crack, Ee ∼ h2σ�, to the

increased surface energy per unit length, Es ∼ γh, gives the critical stress for cracking,

σc ∼ G1/3(γ/h)2/3. Note that the critical stress is independent of particle size.

More recently, Singh and Tirumkudulu5 identified two regimes for obtaining crack

free films for a drying colloidal film containing identical particles. The strain-limited

regime pertains to the case of a drying film containing soft particles where the particles

completely deform to fill the pores under the capillary pressure exerted by the menisci at

the top of the film. This is possible only when the tensile stress at maximum deformation

is less than the critical stress. Thus the critical cracking thickness hmax below which

the films are crack-free is obtained from, G1/3(γ/h)2/3 ∼ G(1 − φrcp)2 giving hmax ∼

γ/G(1 − φrcp)2. Alternatively, the stress-limited regime occurs when the particles are

hard and the menisci adjust their curvature till the maximum capillary pressure (Pmax)

is reached, beyond which they recede into the network resulting in partial deformation.

Here the critical thickness is obtained by equating the stress at Pmax to the critical

cracking stress, σc ∼ G1/3(γ/h)2/3 ∼ −Pmax, giving, hmax ∼ γG1/2/(−Pmax)3/2. For

latex blends, the corresponding critical cracking thickness for the strain-limited regime

is given by,

hmax =
37γ

GeffMφrcp(1− φrcp)3
(5.30)

while that for the stress-limited regime is,

hmax = 0.64

�
GeffMφrcpR

3

0

2γ

�1/2 �
2γ

−PmaxR0

�3/2

(5.31)
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A single value of the dimensionless capillary pressure, −PmaxR0/2γ ∼ 1.4, resulted in

a good match between CCT measurements and above predictions over a wide range of

particle sizes and rigidities. The same value was used in this study for all values of α.

5.3 EXPERIMENTS

Experiments were conducted with a blend of silica and acrylic (BX261) particles of same

size. Details of the dispersions used in this study are given in table 5.1. Although the

particle size is same, there is a significant difference in particle rigidity. The composition

of the blend is described in terms of relative hard particle volume fraction ratio, α. The

value of α was varied from 0 to 1 and for each composition, the critical stress for cracking

as a function of film thickness and critical cracking thickness (CCT) were measured.

The CCT measurements were performed over a temperature range of 25-28oC and a

relative humidity of 35-40%. Thin films were cast on glass substrates placed on a spin

coater (slow rotation rate∼20 rpm) by disbursing small amounts of dispersion. Here,

the spin coater was employed to spread the liquid uniformly over a fixed area so as to

obtain a nearly circular film. Further, the thickness of the film was varied by disbursing

increasing amounts of dispersion over the same area. After the films were cast, they

were left to dry under ambient conditions. On complete drying, it was examined under

an optical upright microscope (Olympus R�, BX-60) for cracks at varying magnifications.

Finally, the thickness profile of the dry film was obtained using a surface profilometer

(Dektak-150 R�). It should be noted that in some cases the entire film was crack free

which gave the lower limit for CCT.

The classical cantilever technique was employed to measure the stress in a drying

film.15 Here, a thin layer of the dispersion was applied on a thin silicon wafer of dimen-

sions 13 mm (length) by 5 mm (width) by 0.128 mm (thickness) and clamped on one

side. A laser beam is reflected from the free end of the substrate and collected by a

100



position sensitive detector (On-track R�). The position of the detector is set in such a

way that the reflected beam falls normally on the surface of the detector. The entire

detector assembly is mounted on a traverse so that the desired positioning can be done

with precision. The position data (i.e. the x, y coordinates of the reflected beam) from

the detector is directly fed to a computer. As the film dries, the tensile stresses in the

drying film bend the substrate that consequently results in the movement of reflected

beam on detector surface. Finally, the displacement of the reflected beam is related

to the average tensile stress in the film. The details of stress measurement technique

and CCT measurements can be found in Tirumkudulu and Russel12 and Singh and

Tirumkudulu5 respectively.

We also ensured that the evaporation rate for these experiments was constant through-

out the experiment. This was checked by drying films separately under similar conditions

on a weigh balance. We also noticed that the drying rate remained constant long af-

ter the film cracked. Hence, we could also measure the evaporation rate of the sample

used for stress experiments by transferring it to the weigh balance immediately after it

cracked and recording its weight change.

In blends, one of the major concerns is the distribution of the constituent soft and

hard particles. As reported by Feng et al.,9 the morphology of blend films is influenced

by the distribution of hard and soft particles. Films were examined using scanning

electron microscopy to see the particle distribution.

5.4 RESULTS AND DISCUSSION

As shown in table 5.1, the blends contain particles of similar size but with a very dif-

ferent shear moduli. In order to see the particle distribution in the final film, dried

films were viewed under a scanning electron microscope. Figure 5.2 shows the SEM

image of the surface of a dried film with α = 0.5. The hard particles are uniformly
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distributed in the matrix of soft particles. Further, the soft acrylic particles seemed to

have undergone significant deformation at the film surface. In order to see the particle

distribution throughout the film, the film was cut and the cross section imaged. Again,

the cross section or the interior of the film has a uniform distribution of both the soft

and hard particles (figure 5.3). Here also, the soft particles can be seen to have deformed

significantly. To differentiate between the two types of particles and to ascertain their

distribution inside the film, we exposed one of the films to an ambient temperature of

about 70oC in an oven for half an hour. Since the glass transition temperature of the

soft (acrylic) particles is 40oC, we expect the particles to fuse completely on heating

at such an elevated temperature. Figure 5.4 shows the SEM image of one such film

where the deformed domains confirm that the distribution of soft-hard particles in the

blend is indeed uniform. Figure 5.5 shows the SEM image of the same film close to

the film-substrate interface. It appears that the film has a slightly larger number of

hard particles at the film-substrate interface compared to the soft particles but this seg-

regation appears to be restricted close to the substrate. We next look at the particle

distribution for α = 0.95 (figure 5.6). As can be seen, the hard particles in the film are

packed in well-ordered domains. Further, the coalesced soft particles can also be seen

at a few locations between the hard particles. This is indeed surprising given that the

soft particle fraction is very small which suggests that the hard and soft particles are

dispersed well at all volume fractions.

Figure 5.7 presents the dimensionless stress evolution as a function of the dimen-

sionless time for four different values of α. Once the particle concentration reaches that

for random packing, the stress starts to increase, reaches a maximum at which the film

cracks, and then decreases. Note that we do not present the full stress relaxation profile

after cracking as the samples are removed for measuring the evaporation rate shortly

after the crack initiation. For both α = 0 and 0.5, the increase and the decrease in stress

is slow suggesting that the film undergoes viscous deformation. This suggests that even

with 50% hard particles, the response is essentially that for soft particles. This obser-
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vation is in line with the experiments of Martinez and Lewis6 who did not find any

significant variation with hard particle fraction in stress profile for films containing less

than 40% hard particles. In contrast to these profiles, those for α = 0.9 and 1 show

that the stress reaches a maximum value within ∆t̄ = 0.01 and decreases to a negligible

value as quickly. The response here is entirely elastic as the stress relaxes to a negligible

value immediately after crack nucleation.

5.4.1 Comparison with the model

The dependence of effective shear modulus on α, as predicted by the model, is presented

in figure 5.8. The effective shear modulus varies little and is close to the shear modulus of

the soft particles for α < 0.95. This suggests that the addition of hard particles into the

soft matrix for α < 0.95 does not significantly contribute to the mechanical properties

of the film and hence the blend essentially behaves like the one composed of only soft

particles. However, at a value of α close to 0.95, a steep increase in the effective shear

modulus is seen. It implies that the transition from soft to rigid-like behavior takes

place at this value of α. The experimental results shown in figure 5.6 also point to this

type of behavior where the hard particles are packed in a very ordered structure and

hence are capable of transmitting the applied load to the entire film. It is interesting to

note that the model predictions are in good agreement with the numerical simulations

of Jagota and Scherer11 who showed that the rigidity threshold in a mixture of soft-hard

particles with sliding contacts between hard particles is at a site fraction close to 0.95.

However, it is important to note that for cases where the shear moduli for soft-soft (GSS)

and hard-hard (GHH) interactions are comparable, a more gradual transition from soft

to rigid-like behavior will be observed unlike the one seen in figure 5.8.

The variations in dimensionless critical stress with the dimensionless film thickness

over the entire range of volume fraction ratio (α) are shown in figure 5.9. The dependence
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of dimensionless critical stress on dimensionless film thickness for 0 < α < 1 is similar

to the predicted behavior of Geff in that a jump in the critical stress is seen for values

of α ≥ 0.95. The stress measurements also confirm the transition from soft to rigid-

like behavior at α ∼ 0.95. Figure 5.10 compares the stress measurements with those

predicted by the model. Here, the theoretical plots are scaled in such a way that the

line for α = 1 matches with the experiments. The predicted critical stress variation

with film thickness matches with all the experiments in that the exponent of two-thirds

is close to the observed trend. This confirms the validity of the proposed approach

to lump the modulus variations in Geff . However, at lower values of α, the absolute

values are lower than the experimental results. The discrepancy can be attributed to

the viscous deformation of the soft particles. The energy dissipation reduces the stored

elastic energy in the network thereby requiring higher stresses to crack the film.

The experimental results for critical cracking thickness (CCT) are compared with

the theoretical predictions for different values of α in figure 5.11. The measured CCT

varies almost linearly with α whereas the model shows an abrupt increase in CCT at

a value of α close to 0.95. This is somewhat surprising given that the trend for the

measured critical stress shows a negligible variation for α < 0.95. The model predictions

match well with theory for both low and high values of α but exhibit large differences for

the intermediate values. One possible reason for the discrepancy could be the following.

The critical cracking stress for a thin film varies inversely with film thickness (5.29). For

the measurement of critical stress, we typically apply thick films (∼ 100 − 200 µm) on

our substrates and measure the stress at which the film cracks. Since the stresses are

low, we would expect small particle deformations in the film and, for higher values of α,

they would be mostly elastic. On the other hand, we apply thin films (∼ 5− 20 µm) to

determine the critical cracking thickness. Here, the film experiences the highest possible

stress that corresponds to the maximum capillary pressure. Consequently, at such large

stresses we can expect significant viscous deformation of the particles. It is possible

that the simple assumptions made to account for the non-affine deformation (5.16) may
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not be valid at such large deformations. Thus the large mismatch may be due to the

significant viscous deformation of the soft particles although the model assumes them

to undergo small elastic deformation in the packing. More work is required to resolve

these issues.

5.5 CONCLUSION

A mathematical model for film formation in latex blends has been developed. The model

captures the main aspects of drying and cracking behavior of the blend films. The model

predictions correspond well with the numerical simulations reported in the literature

for the transition in soft to rigid-like behavior for blends of hard and soft particles.

Further, the model predictions are validated with extensive experimental data. While

the predicted critical stresses match well with the measured values, the critical thickness

shows a trend different from the experiments. The viscous deformation of the particles

in the drying film which has not been accounted for in the model may be the cause for

the discrepancy.
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APPENDIX A: CALCULATION OF Rt/R0 RATIO

Consider the following position of hard and soft spheres. With the origin of the coor-

dinate system fixed at the center of the soft sphere, Rt the radius of the soft sphere,

R0 the radius of the rigid sphere at any stage of deformation and dt defined as distance

between centers of both spheres, the equation for the soft sphere becomes,

x
2 + y

2 + z
2 = R

2

t
(5.32)

and that for the hard sphere is ,

x
2 + y

2 + (z − dt)
2 = R

2

0
(5.33)

The plane of intersection between two spheres is given by solving (5.32) and (5.33) and

is at distance z = z
�
from the origin,

z
�
=

R2

t
−R2

0
+ d2

t

2dt

(5.34)

The sectional volumes are shown in figure 5.12. The volume of the section of the sphere

is given by,

Vi =
π

6
hi(3r

2

i
+ h

2

i
) i = 1, 2

where V1 is the volume enclosed in section ACBA and V2 is the volume of the section

ADBA. The height h1 and radius r1 for the sectional volume V1 are, h1 = (R0− dt + z
�
)

and r1 = (R2

0
− (dt − z

�
)2)

1
2 . Similarly, for the sectional volume of soft sphere, we have

h2 = (Rt − z
�
) and r2 = (R2

t
− z

�2
)

1
2 . The hard and soft spheres are assumed to be

intially of equal radii. Enforcing the volume conservation condition, we have

4

3
πR

3

t
− V1 − V2 =

4

3
πR

3

0
(5.35)
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APPENDIX B: TWO PARTICLE CO-ORDINATE SYSTEM

Equation of the soft sphere at any time is given by,

x
2 + y

2 = R
2

t
− z

2 = f1(z) (5.36)

The equation of the surface is given by,

F1 = x
2 + y

2 − f1(z)

so that the normal unit vector to the surface of the soft particle is given by

n̂1 =
�∇F1

|�∇F1|
=

2x êx +2y êy−f
�
1
(z) êz�

4(x2 + y2) + f
�
1
(z)2

=
r

Rt

êr−
f
�
1
(z)

2Rt

êz, (5.37)

where f
�
1
(z) = −2z. Similarly, the normal to the surface of the harder particle is given

by

n̂2 =
2x êx +2y êy−f

�
2
(z) êz�

4(x2 + y2) + f
�
2
(z)2

=
r

R0

êr−
f
�
2
(z)

2R0

êz (5.38)

where the equation of the second sphere is given by,

x
2 + y

2 = R
2

0
− (z − dt)

2 = f2(z) (5.39)

The area of the surface element for the first sphere is given by (Figure 5.13),

dA =

�
f1(z)

cosψ
dzdθ = Rtdzdθ

so that the surface integral of a function M(z, θ) over the surface of the soft sphere is

given by (5.40),

(S.I.)1 =

2π�

0

z2�

z1

M(z, θ)Rtdzdθ (5.40)

Integrating the above surface integral for the soft sphere within limits, z1 = −Rt and

z2 = z
�
, the value of surface deformation is given by

(S.I.)1 =

2π�

0

z
��

−Rt

1

2
[2(Rt −R0)n̂1n̂1 + g(R0, �HS) (n̂1êz + êzn̂1)] dzdθ (5.41)
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For the hard sphere, the limit of definite integral becomes z1 = z
�
and z = R0 + dt, the

value of the surface integral then becomes,

(S.I.)2 =

2π�

0

R0+dt�

z
�

− (2R0 − dt) R0 (n̂2êz + êzn̂2) dzdθ (5.42)

Calculation of the trace

For an incompressible material, the trace of {
�

V

↔
�dV }=0. The strain integrated over

the volume of the two spheres, can be written in terms of the surface integral over surface

displacements,

�

V

↔
�HSdV =

�

V

1

2

�
�∇�S + �∇�S

T

�
dV =

�

A

1

2

�
n̂�S + �Sn̂

�
dA (5.43)

For the soft sphere, the displacement vector is along the outward direction radial from

its center,

�S1 = (Rt −R0) n̂1 +g(R0, �HS)êz

The normal n̂1 to the surface of soft sphere is given by (5.37), so that

n̂1 n̂1 =
r2

R2

t

êr êr +
f
�
1
(z)2

4R2

t

êz êz −
rf

�
1
(z)

2R2

t

(êrêz + êz êr) (5.44)

The zero trace condition results in two surface integrals, I1 with terms containing êxêx

and êyêy, and, I2 and I3 with terms containing êz êz for the soft sphere while I4 is obtained
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for the hard sphere,

I1 =

2π�

0

z
��

−Rt

r2

R2

t

(Rt −R0)Rt(cos θêx + sin θêy)(cos θêx + sin θêy)dzdθ

= π

z
��

−Rt

�
Rt −R0

Rt

� �
R

2

t
− z

2
�
(êxêx + êyêy)dz

= π(Rt −R0)

�
Rtz

� − z
�3

3Rt

+
2

3
R

2

t

�
(êxêx + êyêy)

I2 =

2π�

0

z
��

−Rt

f
�
1

2

4R2

t

(Rt −R0) Rtêz êzdzdθ

= 2π

z
��

−Rt

(Rt −R0)

Rt

z
2
êz êzdz

= 2π (Rt −R0)

�
z
�3

3Rt

+
R2

t

3

�
êz êz

I3 =

2π�

0

z
��

−Rt

f
�
1

2Rt

g(R0, �HS)Rtêz êzdzdθ

For the hard sphere, the displacement is along the êz direction, so that the surface

displacement vector is,

�S2 = −(2R0 − dt)êz (5.45)
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Hence, {
�

A

1

2
(n̂2

�S2 + �S2n̂2)dA } is given by :

I4 =

2π�

0

dt+R0�

z
�

f
�
2
(z)

2R0

(2R0 − dt)R0êz êzdzdθ

= −2π

dt+R0�

z
�

(2R0 − dt)(z − dt)dz

= −2π(2R0 − dt)

�
z2

2
− dtz

�dt+R0

z
�

= −2π(2R0 − dt)

�
R2

0
− d2

t

2
− z

�2

2
+ dtz

�

�
êz êz

The other terms in the trace
��

V

↔
�HSdV

�
go to zero because for the co-ordinate system

defined,
2π�

0

êrdθ =

2π�

0

(cos θêx + sin θêy)dθ = 0 (5.46)

Also , it can be verified that,

2π�

0

êrêrdθ =

2π�

0

(cos θêx + sin θêy)(cos θêx + sin θêy)dθ = π(êxêx + êyêy) (5.47)
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Table 5.1: Details of dispersions used in the present study
Dispersion Particle Particle Tg Shear Modulus

Composition Diameter (nm) (oC) G (GPa)
Colloidal Silica Silica 330 31

Acrylic (BX 261) Acrylate 353 40 0.8
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(a) Particle position before deformation (b) Particle position after complete
deformation

(c) Two particle coordinate system (d) Position vector for the contact-
ing force

Figure 5.1: Particle positions during deformation
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Figure 5.2: Scanning electron micrograph of the surface of a blend film with α = 0.5.
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Figure 5.3: Scanning electron micrograph of the cross-section of a blend film with α =
0.5.
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Figure 5.4: Scanning electron micrograph of the cross-section of a blend film with α =
0.5, heated at 70oC for about half an hour.
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Figure 5.5: Scanning electron micrograph of the film-substrate interface of a blend film
with α = 0.5, heated at 70oC for about half an hour.
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Figure 5.6: Scanning electron micrograph of the surface of a blend film with α = 0.95.
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!=1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.4 0.5 0.6 0.7 0.8 0.9

(d) α = 1

Figure 5.7: Dimensionless stress versus dimensionless time, t̄ ≡ Ėt/(ho(1 − φo)), for
various α, where Ė is the evaporation rate, ho is the initial average wet film thickness
and φo is the initial particle volume fraction. Note that the initial thickness is different
in the four cases.
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Figure 5.8: Variation of effective shear modulus (Geff) with α. Note that the shear
moduli for different interactions are GHH = 31 GPa, GSS = 0.8 GPa and GHS = 0.8
GPa.
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Figure 5.9: Variation of dimensionless critical stress with dimensionless film thickness
for a blend of silica and acrylic (BX261) for different hard particle volume fractions.
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Figure 5.10: Comparison of experimental results with the theoretical predictions for
various values of α. Here, E represents experimental measurements while T refers to the
theory.
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Figure 5.13: Calculation of area for the surface element.
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Chapter   6 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

6.1 SUMMARY AND CONCLUSIONS 

The work described in this thesis deals with the film formation and cracking in 

aqueous dispersions. The goal of the work was to get an in-depth understanding of the 

film formation process in water based dispersions. The various contributions of the 

present investigation are 

 We have investigated the phenomena of cracking in drying films of stable 

colloidal dispersions. Here, two different regimes of cracking have been 

identified. It has been shown that based on the magnitude of compressive strain in 

the film, the mechanism of cracking could entirely be different. In the case of 

strain-limited regime, film formation leads to impermeable films where as in the 

case of stress-limited regime, film formation can yield porous crack free films. A 

universal theory for cracking of hard particle systems has been developed. It has 

been demonstrated that not only the particle properties but the way they pack 

during drying can also influence their cracking behavior. 

 The film formation in drying films of flocculated dispersion was studied next. It 

has been shown that the theory that was developed for the stable dispersions is 

equally capable of describing the cracking behavior of flocculated dispersions as 
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well. Here, the importance of particle packing on critical cracking thickness is 

demonstrated over a wide range of pH values. 

 The final part of the thesis deals with the soft-hard latex blends. Here, a 

mathematical model for the film formation in latex blends has been developed. It 

has been shown that the governing equations for monodisperse identical particles 

are also applicable to the blends with simply replacing the shear modulus with the 

effective shear modulus given by the model. 

 

6.2 RECOMMENDATIONS FOR FUTURE WORK 

As stated above, the two regimes of film formation have been identified in this 

work. However, the experimental validations are done only for the stress-limited regime 

(hard particle systems). It would be interesting to carry out experiments on soft particles 

having glass transition temperature very close to the room temperature. This would help 

to validate the predictions of the strain-limited regime and thus would help in establishing 

the overall theory of film formation in aqueous dispersions. 

For the case of soft-hard latex blends, the model is developed for the systems 

where soft particles deform elastically to engulf the hard ones. However, the 

experimental results show that the deformation in the soft particles were beyond the 

elastic limit. Hence a different experimental study with blends where soft particles 

undergo deformation within the elastic limit would help to check the overall validity of 

the model developed in this work. The results also highlight the need for understanding 

cracking in viscoelastic systems which are close to the real systems. 
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