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Abstract

Brownian dynamics simulation on
the heterogeneous structure formation

in the drying of colloidal films

Jae Hwan Jeong
School of Chemical and Biological Engineering
The Graduate School

Seoul National University

Colloidal films are composed of complex mixtures of particles with
different sizes, binders, solvents, and additives. The control of their
particle size distribution is a critical part of applications. Although the
colloidal system is well—dispersed before drying, colloidal films could
exhibit structural heterogeneity during the drying process. Several
studies have been performed to figure out the heterogeneity in drying
films, however, they were mainly focused on the drying conditions
where the heterogeneity was observed. In this thesis, stress and
microstructural developments during the drying process were

investigated to understand the formation mechanism of heterogeneous



structure. As a model system for complex colloidal films, mono— and bi—
disperse colloidal films were studied by using the numerical approach.

First, in the monodisperse colloidal films, the formation of vertical
structural heterogeneity was examined by using the Brownian dynamics
simulation. The time scale ratio between the evaporation rate and the
particle diffusion rate was the key factor in inducing structural
heterogeneity. When the evaporation rate was dominant, the particles
were accumulated near the evaporating interface, causing the
accumulation region to grow. Accumulated particles contributed to the
localization of the normal stress, inducing a continuous increase of the
normal stress at the interface. The normal stress difference formed
across the film was found to be the driving force of the net motion of the
particles. The normal stress difference was also correlated with
microstructural development, which provided a full understanding of the
heterogeneity formation mechanism.

Second, in the bi—disperse colloidal films, the formation of a stratified
layer consisting of only small particles was studied by using the
Brownian dynamics simulation. When the evaporation rate was more
dominant than the particle diffusion rate, the small particles were
accumulated near the interface, forming the stratified layer. The large
particles were depleted near the interface, forming an accumulation
region below the stratified layer. These accumulated particles induced
localization of the normal stress, so that the normal stress at the
interface increased from the beginning of drying. The normal stress
difference formed across the film was found to be the physical origin of
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the force pushing the large particles away from the interface.
Associating the microstructural development with the normal stress
response, the force on the large particles was explained by the
significant increase in the average number of small particles in contact
with large ones.

The correlation between the normal stress and microstructural
development provides systematic insight into the formation mechanism
of heterogeneous structure in drying films. Thus the results of this
thesis are expected to be beneficial in various technological fields to

form the desired products through the drying process.

Key words: Drying, colloidal film, heterogeneity, stress, microstructure,
particle diffusion, particle accumulation, stratification, Brownian

dynamics simulation
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Chapter 1.

Introduction
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Colloidal films are widely used in many applications, including latex
painting,[1, 2] paper coating,[3] catalysts,[4] filters,[5] and battery
electrodes.[6—8] In addition to chemical properties, structural
properties, such as uniformity, microstructure, porosity, and film
thickness, are of interest in these systems.[9, 10] Even colloidal films
with the same formulation may show structural heterogeneity during the
drying process.[11—13] For example, in the anode system of a Li—ion
battery, the concentration of the binder is found to be higher at the air—
solvent interface during drying.[14] In a mixture of charged and neutral
particles, the volume fraction of the neutral particles is observed to be
higher at the interface during drying.[15] Structural heterogeneity can
be detrimental for the uniform product quality,[13] but can also be
beneficial for multilayer coating in a single—step procedure.[16]
Therefore, to form the desired final products, a full understanding is
required of the drying process of colloidal films.

Mono— and bi—disperse colloidal films have been extensively studied
as a model system for complex colloidal films. In the monodisperse
colloidal films, several experimental studies have reported the vertical
structural heterogeneity 1in drying films. Ma et al visualized the
structure development during the drying process of hard latex particles
(~0.5 um radius).[17] In their research, the particles were accumulated
at the descending air—water interface, forming a “consolidation front”.
Similarly, Shimmin et al observed that the particle volume fraction
increases at the interface, resulting in the formation of colloidal crystals

in the drying of hard latex particles (~0.5 um radius).[18] Cardinal et al.
2



further studied the distribution of silica particles in the drying film
according to the particle size (0.1 ~ 0.5 um radius), evaporation rate, and
sedimentation rate.[19] Depending on the drying conditions, the
particles were accumulated at the interface, or uniformly dispersed in
the film, or deposited on the substrate.

In the bi—disperse colloidal films, some experimental studies reported
a crystal structure formed in the drying process.[20—22] They
observed various types of close—packed arrays, known as binary
colloidal crystals (bCCs), by changing the size ratio and composition of
the two types of particles (large and small particles). In addition to size
and composition, systematic experimental studies have been conducted
by varying the evaporation rate. In some of their studies, the volume
fraction of the large particles was observed to be higher on the top
surface of the final dried film (air—solvent interface in the drying film)
(large—on—top).[2, 23—-25] Also, the volume fraction of the large
particles increased as the evaporation rate increased. Recently, however,
Fortini et al reported that a stratified layer consisting of only small
particles was formed near the interface during the drying process.[26]
They confirmed that this small—on—top stratification appeared at a high
evaporation rate, size ratio, and volume fraction of the small particles.
The small—on—top stratification has received a lot of attention for the
multilayer coating application, and many experimental studies have been
conducted to find the drying conditions where this phenomenon
occurs.[22, 27]

Theoretical approaches have been developed to figure out the

3



structural heterogeneity in drying films.[28—=32] In these studies, only
the particle motion in the film thickness direction was considered, which
assumed that the lateral flow is not important. They found that the
particle distribution in the film thickness direction is affected by the

evaporation rate and particle diffusion. The time scale of the evaporation

rate, ze = Ho/ E, and the particle diffusion, 7, =HZ/D, are quantified and
related by the Peclet number, Pe = 7o/ = HoE /D, where Ho is the initial

film thickness, E is the evaporation rate, and D is the particle diffusion

coefficient. The change of volume fraction profile according to the Peclet
number has been studied and verified in several experimental and
modeling studies.[19, 24, 33, 34] When Pe > 1, the evaporation rate
dominates, and the particles are accumulated at the descending interface.
On the other hand, when Pe < 1, the particles are distributed uniformly
throughout the film due to the diffusion of the particles.

Although continuum models were proven useful in predicting the
particle accumulation in drying films, there were limitations in explaining
various heterogeneous structures that experimental studies observed. In
addition, the models could not capture the evolution of stress and
microstructure during the drying process. Therefore, the necessity of
simulation studies has been emphasized to understand the mechanism of
the drying process.[35] In this thesis, inspired by the limitations of
previous works, we focus on the investigation of the detailed drying
mechanism of colloidal films. For this purpose, we employ the Brownian
dynamics simulation to describe the drying of mono— and bi—disperse

colloidal films.



This thesis 1s organized as follows. In Chapter 2, the drying
mechanism of the monodisperse colloidal films is analyzed in three
aspects: accumulation front, normal stress, and microstructure. In
Chapter 3, the drying mechanism of the bi—disperse colloidal films is
investigated. The evolution of normal stress is analyzed according to the
occurrence of small—on—top stratification and related to microstructural
development. In Chapter 4, the stratification mechanism is investigated
on the local length scale. The local force acting on each type of particle
is derived by decomposing the local normal stress to explain the physical
origin of the stratification. The thesis is concluded in Chapter 5 with a

summary.



Chapter 2.

Drying mechanism of monodisperse colloidal film



2.1 Introduction

Several simulation studies have been conducted to figure out the
drying mechanism of monodisperse colloidal film. Reyes and Duda
described the drying process of monodisperse colloidal films using the
Monte Carlo simulation method.[36] The volume fraction profile was
observed in the film thickness direction during drying, and particle
arrangement was investigated in the final dried film. Cheng and Grest
showed the influence of the evaporation rate on the particle distribution
and arrangement using the molecular dynamics simulation method.[37]
Most of the previous simulation studies mainly focused on the change in
particle distribution according to the drying conditions. [36—39]

There have been few simulation studies on the drying mechanism in
terms of the evolution of stress and microstructure. Recently, Wang and
Brady observed the evolution of the normal stress and the
microstructure at the final stage using the Brownian dynamics
simulation.[40] As a result, a master curve of the normal stress was
found at high Peclet number, and they explained it in terms of the
convective transport in the film. However, there was a limited
explanation of the correlation between the normal stress and
microstructural development. Howard ef al intensively studied the
crystallization kinetics in drying film using the molecular dynamics
simulation method, but the normal stress was not investigated. [41]

In this chapter, we focus on the investigation of the detailed drying
mechanism of monodisperse hard—sphere colloidal film. For this purpose,

simulations are conducted by using the Brownian dynamics simulation
7



over a wide range of Peclet numbers. Firstly, the evolution of the
particle distribution is carefully investigated. The particle distribution is
quantitatively analyzed by defining an accumulation front and observing
its growth during drying. Furthermore, the evolution of the normal stress
1s also quantitatively analyzed in terms of a scaled normal stress
difference across the film. In addition, by performing a more detailed
analysis of the microstructural development, we examine the direct
correlation of the particle distribution, normal stress, and microstructure

in the drying film.



2.2 Simulation methods

2.2.1 Model system

The model system is as follows. Hard—sphere colloidal particles with
0.5 um radius are dispersed in a Newtonian fluid (initial volume fraction
o = 0.1). The initial film thickness is 30 um, and the evaporation rate is
fixed ranging from 5 — 50 um/min (i.e. the decrease rate of the interface
position). This model well describes the actual film drying process of
monodisperse silica particles with the evaporation rate (approximately 2
— 80 gm/min) in air.[19]

The assumptions of the drying simulation are based on that of the
drying models of monodisperse colloidal films.[29, 40] In their models,
the solvent was evaporated from a thin film, assuming that the motion in
the lateral direction was not important. Also, the evaporation rate was
constant during drying, so that the film thickness decreased at a constant
rate. In addition, there was no bulk flow in the film, and the distribution
of the particles changed by the descending interface and the particle
diffusion.

These conditions are re—established to the three—dimensional (3D)
system under the simulation platform (see Figure 2.1). The colloidal film
is covered on a stationary planar substrate (z = 0). The neutrally
buoyant hard—sphere particles with radius a are randomly distributed in
the film with an initial particle volume fraction ¢ = 0.1 (the number of
particles N = 2,000). In the x- and y-directions, we set the domain size to

40a with periodic boundary conditions. To impose periodic boundary
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Figure 2.1 Schematic diagram of the monodisperse colloidal film drying.

Left: side view, right: top view.
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conditions, four sides of the simulation box in the x- and y-directions are
surrounded by an infinite set of replicas. The initial film thickness is Ho
= 60a, and the interface descends in the z-direction at a constant
evaporation rate during the drying process. The drying is continued until
a final film thickness of H = 0.18 Hp is reached, where the bulk volume

fraction of the film becomes ¢ouk = 0.55. The simulations are conducted

with the evaporation rates E = 6, 30, and 60 Ho/tp, which correspond to

Peclet number Pe (= p/7e= HiE/D) = 6, 30, and 60, respectively (D=ksT/

from the Einstein—Stokes relation, with ks the Boltzmann constant, T the
temperature, ¢ the single—particle friction coefficient). Simulations are
conducted with ten different initial configurations for each Pe.

In the drying process of monodisperse colloidal films, the evaporation
rate is initially constant, which is the constant rate period (CRP),” and
then decreases, called the “falling rate period (FRP).” [30, 42] In
general, the FRP begins when the bulk volume fraction of the film is
higher than 0.6. In this study, drying is continued until the bulk volume
fraction becomes 0.55 so that the constant evaporation rate is a

reasonable assumption in this study.

11



2.2.2 Brownian Dynamics (BD) simulation
Brownian dynamics simulation (BD) is introduced to study the colloidal
film drying process.[43, 44] The motion of the particle is described by

the overdamped Langevin equation

0=-Cri+f" +£° +f' +£°. (2.1)
The first term on the right—hand side of eqn (2.1) is the hydrodynamic
force acting on the particle (Stokes friction {(=6zya, with 5 the solvent
viscosity). fip is the force due to the interaction between particles, 1°iS
is the force from the substrate, and fiI represents the capillary force at

the (air—solvent) interface. As a result of the continuous evaporation of

the solvent, the interface descends at a constant velocity and pushes the

particles with the force of f'. Here, f7==>"0U /ox, from the potential
i

(Ui ) between the particles i and j, where f$=—-0U° /ox, and
fiI =—8Ui' /é’xi from the particle—wall potential (Uis) and particle—
interface potential (UiI ), respectively. These three forces are obtained
by differentiating the potentials. The Brownian force fiB 1s generated as
a random number with Zero mean and variance
<fiB(t)fiB(t’)> = 2¢kgTS(t—t')l . The aforementioned Langevin equation is
numerically solved by the Euler method.[45] The (dimensionless) time
step is set as At=10°H?/D, which is small enough to prevent the

overlap of the particles.

In the BD simulation, the solvent is treated as an implicit viscous
12



background, such that hydrodynamic interactions (HI), the flow passing
the particles, and the capillary force are neglected. Recently, Tang ef al.
described the drying process of bi—disperse colloidal films using both
the explicit and implicit solvent methods to investigate the effect of HI
and the flow passing the particles.[46] They observed the volume
fraction profile in the z—direction during the drying process until H/Hy =
0.25 (initial volume fraction = 0.1) and found that the results were
almost identical in the two methods. In addition, Fujita and Yamaguchi
described the drying of colloidal films in consideration of the capillary
force acting on the particles at the interface.[47] They found that
structural defects were caused by the increasing effect of the capillary
force as drying progressed. However, the defects were observed for the
particle volume fraction higher than 0.7. These observations indicate
that the BD simulation can effectively describe the drying process of

colloidal films despite the implicit solvent method.

13



2.2.3 Interaction potential

The interaction of the (nearly) hard—sphere particles is modeled using
the Weeks—Chandler—Andersen (WCA) type potential with the
exponents of (96—48) where an increase in the exponents changes the
steepness of the potential approaching the hard—sphere potential.[48—
50] We have chosen exponents such that the normal stress evaluated in
the simulation is comparable to the stress in the potential—free algorithm,
designed to perform BD simulations on model hard spheres.[40] The

potential between the particles i and j is given in the form

96 48
PP A r<2'®c
)= i I 4 (2.2)

1/48
0 L>2"c

ij(

ij

where rjj is the distance between the centers of the particles, 6 = 2a is
the effective diameter, ¢ is the parameter that determines the strength of
the repulsion and we set ¢ = 1kgT.

The interaction between the particle and substrate is also described by

the WCA potential (96—48) [51, 52]

96 48
o o 1 1/48
4 - - t+a<?2
Us(z)= g[(zi+aj EziﬁJ +4] arase o (2.3)

0 z,+a>2""c

Eqn (2.3) indicates that the repulsive force is applied on a particle by a
virtual wall particle at a distance a from the substrate (z = 0) in the -z

direction.[b1, 52] Here, z; is the height of the particle’s center above the

14



substrate.

We model the soft film interface by the purely repulsive harmonic
potential.[26, 49] This potential assumes a contact angle of 90°between
a particle and the interface so that only the vertical capillary force is
considered, neglecting the lateral capillary force.[53, 54] Thus, drying
simulations can be performed under conditions similar to existing studies
that do not take into account the lateral flow. The expression is given as

0 z, <H
U!(z)=1x(z, —H)*/2 H<z <H® (2.4)
Kk(H°=H)*/2-F%(z,-H®) z,>H°®
where k is a spring constant that reflects the surface tension between a
particle and the interface. We take x = 1000¢/4%, which is large enough to
move the particles along with the interface and small enough to be
numerically stable.[49, 55] H° = H + a is a cutoff height, where a particle

completely escapes from the film and descends due to gravity FY The
term F° =—/<(HC —H) is defined to ensure that the force exerted on the
particle is continuous at z =H°. In short, when the center of the particle is
within H < zi < H°, the particle moves down by the force proportional to

the distance from the interface, and it descends only by F® when the

particle completely leaves the film (zi >H°).
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2.2.4 Normal stress calculation
We calculate the local normal stress in the z—direction. The zz

component of the local normal stress, ZZZ(Z), is expressed by the

method of planes (MOP) [56, 571

<Ezz(z)>:—<n(z)>kBT—2—lA<ZN: f.rsgn(z; —z)> (2.5)

i=1

where <> represents an ensemble average, n(z) is the local number

density of the particles, and A is the cross—sectional (x-y plane) area of

the simulation box. fizP is the z component of the total inter—particle

forces acting on the particle i. sgn(-) is a sign operator, which returns 1
or —1 when the input value is positive or negative, respectively. The

first term on the right—hand side in eqn (2.5), —(n(z))k,T, is the normal

stress associated with the thermal energy of the Brownian particles. And

N
the second term, _2_1A<Z fizpsgn(zi—z)>, i1s the inter—particle stress,
i=1

which originates from the inter—particle forces.

The normal stress calculated from the previous equation includes only
the contributions of the inter—particle forces where the forces from the
substrate and interface are not considered. In addition, the MOP
considers all particle pairs interacting across each plane to calculate the
stress. Accordingly, the stress is calculated from a larger number of
samples in the MOP compared to the spatial binning method, which helps
to reduce stress noise (statistical error).[56]

Note that the hydrodynamic interactions (HI) are not captured in this
16



study. Recently, Chu and Zia analyzed the normal stress by controlling
the range of HI and Peclet number (Pe).[58] When considering long—
range HI alone, the dependence of normal stress on the Peclet number
was scaled to ~Pe, in agreement with the results of non-—
hydrodynamically interacting colloids.[59] When considering the short—
range HI, HI acted to suppress the normal stress development, and the
dependence of the normal stress on the Peclet number changed to ~Pe’®,
In the drying process, the volume fraction of the film increases as drying
progresses, inducing an increase in the contact between the particles.
Thus the long—range HI is important at the initial stage of drying and the
short—range HI becomes stronger as drying proceeds. This implies that
the calculated normal stress in our study accurately captures the drying
mechanism at the initial stage though hydrodynamic interaction is absent.
On the other hand, the calculated normal stress can miss the effect of HI
in the later stage of drying. But, this missing point is not significant
based on the normal stress scaling in the range of Peclet number Pe = 6
— 60 we cover. Therefore, our results capture some important features

of the drying mechanism during the overall drying process.
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2.3 Results and discussion

2.3.1 Particle distribution in drying film

Figure 2.2 shows the simulation snapshots of particle configurations at
different Peclet number (Pe). In this figure, the film thickness (H) is
normalized to the initial film thickness (Ho), so it decreases from 1.0
with time. Drying simulations are conducted for 5800000At for the final
stage at Pe = 6, which is ten times larger than that at Pe = 60.

When Pe = 6 (Figure 2.2(a)), the particles are more concentrated near
the interface than in the bulk at H/Hy = 0.8. This can be understood that
the interface descends faster than the particle diffusion, leading to an
accumulation of particles at the interface. And a dense particle
distribution is also observed near the substrate in H/H, < 0.6. When Pe
= 60 (Figure 2.2(b)), the evaporation is more dominant and the
concentrated layer of particles is formed near the interface even until
H/Hy, = 0.4. However, the particle distribution near the substrate does
not change when H/Hy = 0.4 and becomes denser between H/Hy = 0.4
and 0.3.

These simulation results are similar to the experimental results of a
colloidal film drying for Pe = 4 and 200, respectively.[19] Cardinal et al.
observed the cross—section of the drying film at different film
thicknesses using cryo—SEM.[19] They found that the distribution of
silica particles was almost uniform in the entire film at H/Ho = 0.6 for Pe
~ 4. For Pe = 200, however, the particles were initially accumulated at

the interface to form an ordered structure, and the accumulation region
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Figure 1.2 Time evolution of particle configuration in drying film. (a) Pe

= 6; (b) Pe = 60.
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grew from the interface as the drying proceeded.

Next, the changes in the particle distribution are quantitatively
examined. Figure 2.3 shows the local volume fraction profile with the
film thickness H/Ho over the z—axis (z/Ho) of bin width 0.02a. All
simulation results are averaged over ten different initial configurations.

We verified our simulation results according to the drying model from
Wang and Brady at different Pe prior to carrying out a full—scale
analysis.[40] This model is based on the conservation equation of hard—
sphere fluids expressed by a semi—empirical compressibility factor.[60]
The particle distribution in the drying film was predicted by considering
the collective diffusion coefficient according to the particle volume
fraction.[40] When comparing the simulation results with the model
prediction (Figure 2.3), the oscillation is observed in the volume fraction
profile and its amplitude increases as the film thickness decreases. This
oscillation is attributed to the packing of particles by the boundary.[61]
In the drying process, the colloidal film is confined between the two
boundaries and the volume fraction increases as the drying continues,
which induces the packing of particles and intensifies the oscillation with
time.[62] Furthermore, the volume fraction profile is almost identical in
the two methods except near the two boundaries, at all Pe (Pe = 6 — 60)
explored in the study. This means that the simulation describes the
drying mechanics of the hard—sphere colloidal film well. However, at the
two boundaries in the simulation, the particles can exist above the
interface and cannot approach the substrate closer than the particle

radius. In contrast, the boundary effects are not considered in the
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Figure 2.2 Local volume fraction profile with the film thickness during
drying. (a) Pe = 6; (b) Pe = 30; (c) Pe = 60. The volume fraction in the
model of Wang and Brady is the green dashed line, and the simulation
the red solid line. H/Ho is denoted next to the corresponding profile. The
blue dotted line indicates the z—coordinate included in the accumulation
region where the local volume fraction is equal to ¢(z2)=1.1¢0 at H/Ho = 0.8

for all Pe.
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modeling, which induces a discrepancy between the two approaches.

The local volume fraction profile at Pe = 6 is plotted in Figure 2.3(a).
At H/Hy = 0.8, the volume fraction at the interface (z/Ho = 0.8) is about
0.2 and is higher than that at the substrate. Clearly, some particles are
accumulated at the descending interface. These accumulated particles
diffuse in the direction of the substrate to resolve the volume fraction
gradient and form an “accumulation region.” [34, 49, 63] In this study,
we judge the position (z) in the film that is included in the accumulation
region if the volume fraction is more than 10% higher than the initial
volume fraction (i.e., ¢(z)>1.1¢0). Below this accumulation region, there is
a region that is not affected by the descending interface and maintains an
initial volume fraction of 0.1, which appears in z/Ho < 0.4 at H/H, = 0.8,
for example. The accumulation region grown from the interface reaches
the substrate at H/Ho > 0.6. In turn, the volume fraction at the substrate
starts to increase. As the drying process continues, the volume fraction
increases in the entire film, and its gradient formed in the vertical
direction gradually decreases. At H/Hy, = 0.2, close to the final drying
stage, the volume fraction profile becomes almost uniform across the
film.

When Pe = 30 in Figure 2.3(b), at H/Ho = 0.8, the volume fraction at
the interface is 0.3, which is slightly higher than when compared to the
same film thickness of Pe = 6. The accumulation region is formed in 0.6
< 2/Ho < 0.8 where a volume fraction gradient is developed. At H/Ho, = 0.6,
the thickness of the accumulation region is about 0.31Ho, which is

increased by 0.08Ho, when compared to the 0.23Ho at H/Hy = 0.8. In
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contrast to the increasing volume fraction at the interface, the volume
fraction near the substrate shows a modest change in H/Ho > 0.6. Near
the substrate, the volume fraction still maintains its initial volume
fraction of 0.1 even after H/Ho = 0.6, and then rapidly increases from
H/Ho ~ 0.4 as the accumulation region reaches the substrate. Finally, the
volume fraction is comparable to that at the interface for H/Hy = 0.2.
When Pe = 60 (Figure 2.3(c)), we can confirm that the accumulation of
particles is accelerated by faster evaporation. Compared to Pe = 6 and
30, the volume fraction is higher at the interface at the same film
thickness, whereas the thickness of the accumulation region is lower
(0.16Hy at H/Hy = 0.8). In addition, the volume fraction near the
substrate starts to increase at the lower film thickness (H/Ho< 0.4).

To quantify the development of the accumulation region in the drying
film, the position z of the accumulation front is tracked according to the
film thickness. We define the minimum value of the z—coordinates
included in the accumulation region as the position of the accumulation
front. In Figure 2.4, the evolution of the accumulation front is shown with
the position of the interface (Note that the accumulation front at the
initial stage in H/Ho > 0.96 is not shown, because it is difficult to
precisely locate the accumulation front). When comparing at the same
film thickness, the gap between the interface and the accumulation front
is larger at lower Pe. For example, at H/Hy, = 0.8, this distance is 0.41Hq
for Pe = 6, 0.22H, for Pe = 30, and 0.16H, for Pe = 60. This result can
be explained that at lower Pe, it takes longer time to be dried to a

specific film thickness under the same initial film thickness condition so
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that the particles in the accumulation region can diffuse further from the
interface. Moreover, at all Pe, the accumulation front descends faster
than the interface and the thickness of the accumulation region increases
over time. When observing at the substrate, the accumulation front
reaches the substrate much earlier at lower Pe. The film thickness where
the accumulation front contacts the substrate is H/H, = 0.64 for Pe = 6,

H/Ho = 0.44 for Pe = 30, and H/Ho = 0.33 for Pe = 60, respectively.
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Figure 2.3 The position of the accumulation front with the film thickness.
The blue dotted line and arrows indicate the thickness of the

accumulation region at H/Hy = 0.8.
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2.3.2 Normal stress localization in drying film

The local normal stress profile in the drying film is shown in Figure
2.5. The local normal stress calculated by egn (2.5) is non-—
dimensionalized by ksT /a®. Note that at the initial stage, H/Hy > 0.96, a
large noise is generated during normal stress calculation due to
insufficient particle number density at the interface. For this reason, it is
not shown in the plot.

The local normal stress profile (Figure 2.5) has an almost identical
pattern to the local volume fraction profile (Figure 2.3) for all Pe. This
suggests that the particle volume fraction significantly contributes to the
normal stress distribution. At low Pe (Figure 2.5(a)), the normal stress
difference in the z—direction is small, indicating that the normal stress
perturbation caused by the moving interface is stabilized by particle
diffusion. Consequently, the normal stress becomes uniform throughout
the film. At higher Pe, the evaporation becomes more dominant than
particle diffusion, i.e. limited time to stabilize the perturbation of normal
stress, so that the normal stress difference between the interface and
the substrate gradually increases over time (Figures 2.5(b) and
(c)).[64—66] Moreover, at the same film thickness, the normal stress at
the interface for Pe = 60 (Figure 2.5(c)) is higher than that for Pe = 30
(Figure 2.5(b)), which can be attributed to the increased particle
accumulation at the interface. When Pe = 6 near the substrate, the
normal stress shows no change until H/Ho ~ 0.6, before increasing
thereafter. At higher Pe, the normal stress remains at the initial value

until H/Ho ~ 0.4 for Pe = 30 and H/Hy ~ 0.3 for Pe = 60, which is followed
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Figure 2.4 Local normal stress profile with the film thickness during
drying. (a) Pe = 6; (b) Pe = 30; (c) Pe = 60. The black solid line
represents the local normal stress profile at a given film thickness, and
the pink solid line represents the normal stress at the interface over
time (calculated by extrapolating to the position of the interface using

the local normal stress value near the interface).
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by a drastic increase over time.

We thoroughly examine the localization of normal stress during drying.
To this end, the time evolution of the normal stress is observed at the
interface (z = H) and the substrate (z = a). In Figure 2.6(a), the normal
stress at the interface increases from the beginning of drying regardless
of Pe. This increase is induced by the accumulation of particles at the
interface due to the strong evaporation. On the other hand, a different
stress evolution is observed at the substrate (Figure 2.6(b)). In the Pe
range of this study, the normal stress at the substrate is consistent with
the low initial value even when the film is dried considerably (i.e., H/Ho =
0.7). The film thickness where the normal stress begins to increase is
different for Pe, such that H/H, = 0.63 for Pe = 6, H/Hy = 0.42 for Pe =
30, and H/Ho = 0.33 for Pe = 60. In other words, the increase of normal
stress begins at higher film thickness (early stage of drying) for lower
evaporation rate. Interestingly, it is confirmed that the film thickness of
the initial stress increase is very similar to the film thickness where the
accumulation front starts to touch the substrate (see Figure 2.4). These
results directly prove that the normal stress evolution is further
accelerated as the accumulation front reaches the substrate.

Assuming a one—dimensional system where only the drying in the
vertical direction (z—direction) is relevant, the gradient in the zz—
component of the normal stress is equal to the force in z—direction
applied to the unit volume of the particle. This is the microscopic

expression[67, 68]
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8<Zzz(z)>/az:i21:<5(z—zi)fiz>. (2.6)

Based on eqn (2.6), we directly observe the correlation of the normal
stress difference between the interface and substrate (Figure 2.7) with
the net motion of particles (Figure 2.8). Figure 2.7 shows the normal
stress difference with the film thickness according to Pe. The difference
1s scaled by PenegksT, taking into account the increased stress at the
interface with the increase in Pe due to the localization of stress. Here,
PenoksT = (CE/A)N, which means the stress required to move a particle at
the given evaporation rate multiplied by the total number of particles.
Under this definition, the scaled normal stress difference becomes 1.0
when all the particles are affected by the falling interface.

At high Pe, such as when the particle diffusion is negligible compared
to evaporation, the particles located in the region where the
accumulation front just passed are accumulated and pushed down under
the influence of the interface. When the interface descends by (Ho— H)/Ho,
the number of particles proportional to that distance is included in the
accumulation region and forced to move downward. Therefore, the
scaled normal stress difference is proportional to (Ho — H)/Ho, and the
slope becomes linear.[69, 70] At Pe = 60, the slope of the curve is very
close to —1 (Figure 2.7). In addition, a larger scaled normal stress
difference with decreasing Pe can be explained by an increase in the
thickness of the accumulation region with decreasing Pe. More particles

in the thicker accumulation region are affected by the falling interface,
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which leads to an increase in the scaled normal stress difference.

For all Pe, the normal stress difference increases as explained above,
but finally falls off after the maximum. At higher Pe, this maximum
appears at lower film thickness. Associating with the results of Figures
2.4 and 2.6, the normal stress at the substrate maintains its initial value
until the accumulation front reaches the substrate, but the normal stress
at the interface increases from the beginning. Naturally, the normal
stress difference, which is the difference between the two boundaries,
increases. Likewise, when the accumulation front reaches the substrate,
the normal stress near the substrate increases rapidly (see Figure
2.6 (b)), which leads to a decrease of the normal stress difference. The
maximum is observed at H/Hy = 0.58 for Pe = 6, H/Hy, = 0.36 for Pe = 30,
and H/Ho = 0.30 for Pe = 60, respectively. It should be noted that for all
Pe, the maximum of the normal stress difference appears at a lower film
thickness than that at which the normal stress starts to increase near the
substrate. This mismatch indicates that both the drying stage where the
accumulation region grows and the stage after the accumulation front
contacts the substrate significantly contribute to the stress development.
Therefore, the evolution of the normal stress difference and its
correlation with the microstructural change should be carefully examined
for the latter stage of drying.

As pointed out in eqn (2.6), the average velocity in the z—direction
(vertical direction to the film surface) of all particles is computed to
analyze the net motion of the particles. In Figure 2.8, the average

velocity normalized by the evaporation rate is observed with the change
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in film thickness. As drying proceeds, the velocity increases for all Pe
due to the increasing number of particles affected by the descending
interface. At lower Pe, the normalized average velocity increases faster
in the initial stage of drying. This is because not only of the particle
motion induced by the interface but also of the particle diffusion toward
the substrate direction induced by the volume fraction gradient. In
addition, the average velocity decreases after the peak velocity at all
tested Pe. The decrease can be explained as where the downward motion
of the particles is significantly hindered by the stationary substrate after
the accumulation front contacts the substrate. Interestingly, the average
velocity curve according to Pe is very similar to the scaled normal stress
difference curve shown in Figure 2.7. This means that both the evolution
of the normal stress difference and the average particle velocity in
drying film can be explained by the influence of the interface and the

substrate on the particles.
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2.3.3 Microstructural development

As mentioned previously, the microstructural development in drying
film is analyzed to examine a mismatch between the stress difference
maximum and the initial stress increase at the substrate. As shown in
Figure 2.6, the stress responses are related to the stress evolution at
both the interface and substrate, so that the structural analysis needs to
be carried out at both boundaries. Here, the contact number of particles
at the interface (z = H) and substrate (z = a) is measured to probe the
process of particle accumulation at the interface and the development of
microstructure at the substrate. In particular, we focus on the
microstructural change that occurs after the accumulation front reaches
the substrate. For this purpose, the contact number (N¢) is calculated for
all particles located at position z (z = H or a). The number of particles
with each contact number is divided by the total number of particles at
that position z. Then, we can get the contact number distribution P (z,Nc)
(in probability function) and analyze the evolution of P(z,Nc).

In Figure 2.9(a), P(z,N¢c) at the interface (z = H) is shown with the film
thickness. At a low evaporation rate of Pe = 6, Nc shows a gradual
increase with film drying. On the other hand, at higher Pe, the increase in
Nc becomes more clear, because the particle accumulation at the
interface is further enhanced (Figures 2.2 — 2.4).[71, 72] In this case,
the average of Nc¢ increases and P(z,N¢c) becomes broader. Moreover, N¢
shows a rapid increase at the final stage of drying, H/Ho< 0.2, regardless
of Pe. This can be explained that at higher particle volume fraction (@pux >

0.5), the descent of the interface leads to the compression of the film,
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Figure 2.9 Average contact number distribution of particles P(z,Nc) at the
interface and substrate with film thickness. (a) interface (z = H); (b)
substrate (z = a). The blue dotted line represents the film thickness of

the normal stress difference maximum (see Figure 2.7).
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which in turn induces a strong increase in Nc.[72]

In Figure 2.9(b), P(z,Nc) at the substrate (z = a) is shown with the film
thickness. At higher Pe, Nc shows a sharp increase at lower film
thickness. Note that both before and after the accumulation front reaches
the substrate, P(z,Nc) at the substrate remains unchanged (maintains its
initial value) at all Pe. Interestingly, the film thickness where Nc
increases is nearly identical to the film thickness where the normal
stress difference maximum appears (see Figure 2.7). According to these
observations, we can correlate the evolution of normal stress and
microstructure at the substrate. There is a regime where the contact
number distribution hardly changes even though the volume fraction
increases after the accumulation front reaches the substrate. As the
volume fraction further increases, the contact number begins to increase,
which results in a significant increase of normal stress. Consequently,
this contributes to a reduction of the normal stress difference. From this
analysis, we can confirm that an increase in the particle contact number
induces great change in the local normal stress.

In the next step, to examine the microstructural change related to the
contact between the particles more closely, the 2D planar pair—
distribution function is computed and shown in Figure 2.10 (this analysis
is carried out at H/Ho = 0.18, where a sufficiently high contact number is

observed). First, at Pe = 6, we observe the planar pair—distribution

function in the x-y plane gxy(rxy) at the interface and substrate. gxy(rxy)

shows an isotropic pattern at both the interface and substrate and the
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Figure 2.10 2D planar pair—distribution function gxy(rxy) (at HHo = 0.18)
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at the interface (z=H) and substrate (z =a). Red lines represent ry = 2a,

4a, and 6a from the left, respectively.
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high magnitude peaks near ry = 2a, 4a, 6a (bright pattern in Figure 2.10)
indicate that the particles form an ordered structure. This suggests that
microstructural rearrangement can occur sufficiently in a fairly packed

film due to a relatively slow evaporation rate.[73, 74] Furthermore,

gxy(rxy) shows more clear hexagonal patterns at the substrate compared

to the interface, indicating a more packed structure at the substrate.
This can be understood that the descending interface disrupts the
rearrangement of the particles, which results in a more disordered
structure.

At Pe = 30, the peak near ry = 6a is less clear at the substrate
compared to the interface, indicating that a disordered structure is
formed. This can be explained with the development of the accumulation
region discussed above: particle accumulation occurs at the interface,
and the particles in the accumulation region move with the descending
interface. The region continuously collects particles so the particle
volume fraction gradually increases. Therefore, at the interface, there is
enough time for the particles to rearrange in a higher volume fraction,
leading to an ordered structure. On the other hand, at the substrate, the
volume fraction rapidly increases after the accumulation front reaches
the substrate (Figures 2.4 and 2.9). The increase of the local volume
fraction occurs in too short a time for the particles to rearrange, thus
leading to an increase in the contact number only (with disordered
structure). At Pe = 60, the peak near ry = 6a almost disappears and the
peak near ry = 4a becomes more blurred at the substrate, indicating that

a more disordered structure is formed. However, bright and hexagonal
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patterns are still observed at the interface. These results show that the
structure formation at the substrate can be more sensitive to the drying

conditions than that at the interface. At the substrate, gxy(rxy) shows

more clear hexagonal patterns at lower Pe, indicating a more packed
structure at lower Pe. This demonstrates that the time for the
accumulation front to contact the substrate can be a very critical factor

in the formation of film structure.

Associating gxy(rxy) with the evolution of the particle volume fraction

and contact number (Figures 2.3, 2.4, and 2.9), a structural development
can be drawn. For Pe > 1, the particles are accumulated at the
descending interface, and the particle volume fraction at the interface
increases (Figure 2.3). As the distance between particles decreases, the
contact between the particles increases, and the ordering of particles
begins (Figures 2.9 and 2.10). At higher Pe, the total drying time
decreases so that the total time for particle rearrangement decreases.
On the other hand, the particle accumulation at the interface is strongly
driven and particle rearrangement occurs from the early stage of drying.
Consequently, the microstructure at the interface is influenced by these
two factors (Figure 2.10). In contrast, near the substrate, the volume
fraction remains unchanged in the beginning. After the accumulation
front reaches the substrate, the volume fraction and contact between the
particles increase rapidly, and ordering begins. At higher Pe, the
accumulation front reaches the substrate at a lower film thickness, so

there is insufficient time for rearrangement to occur, resulting in a
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disordered structure.

Although we use an implicit solvent method that does not take into
account hydrodynamic interaction, a similar microstructure can be
observed in an explicit solvent method. Howard ef al studied
crystallization kinetics in the drying process of monodisperse colloidal
films wusing the molecular dynamics simulation method.[41] They
reported that the hydrodynamic interaction led to an earlier onset of
crystal growth, however, the final microstructure was almost identical to
the case of the implicit solvent method. These results reveal that the
microstructure at the final stage of drying is reasonable in our simulation

though hydrodynamic interaction is not considered.
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2.4 Summary

In this chapter, we investigated the evolution of the normal stress and
microstructure in the monodisperse hard—sphere colloidal film drying
process by using the Brownian dynamics simulation. When Pe > 1, the
evaporation rate is dominant, and the particles are accumulated at the
evaporating interface and the accumulation region grows. The
development of the accumulation region is quantified by tracking the
accumulation front. The distance between the accumulation front and the
interface is larger at lower Pe at the same film thickness, leading to the
accumulation front reaching the substrate much earlier. These
accumulated particles localize the stress at the interface, which induces
a continuous increase of the stress from the beginning of the drying
process. At the substrate, the normal stress first maintains the initial
value and then increases with the accumulation front touching the
substrate. The influence of the evaporating interface and stationary
substrate on stress development has been quantified by the scaled
normal stress difference between the two boundaries. Before the
accumulation front reaches the substrate, the scaled normal stress
difference increases with time due to the normal stress increase at the
interface. At high Pe (Pe = 60), all the particles in the region where the
accumulation front passed are accumulated and forced to move down
with the interface, and accordingly, the scaled normal stress difference
increases with the slope of —1. As Pe decreases, more particles are
affected by the interface at the same film thickness so that the initial

scaled normal stress difference is higher. At all Pe discussed in this
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study (Pe = 6 — 60), the scaled normal stress difference increases to
the maximum, followed by the decrease in the final stage. Interestingly,
a mismatch is observed between the stress difference maximum and the
initial stress increase at the substrate. This mismatch is explained by
the contact number distribution of the particles. At the substrate, the
contact number distribution remains unchanged even though the
accumulation front reaches the substrate, and then increases as the
particle volume fraction further increases. We found that the increase of
contact between the particles results in a significant increase of the
normal stress, which leads to a decrease in the scaled normal stress
difference. In addition, the formation of the accumulation region
influences the final structure of the film. As the accumulation front
contacts the substrate at low film thickness, the disordered structure is
formed due to the limited time for particle rearrangement. So the
structure formation at the substrate is more sensitive to Pe than that at
the interface.

In the next chapter, this correlation of the particle distribution during
drying with the evolution of the normal stress and microstructure is used
to provide insights into the drying process of the bi—disperse colloidal

films.
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Chapter 3.

Drying mechanism of bi—disperse colloidal film
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3.1 Introduction

In the drying process of bi—disperse colloidal films, modeling
approaches have been developed to figure out the changes in particle
distribution. Trueman et al performed modeling and explained the
large—on—top structure according to the Peclet numbers for the large
and small particles, respectively (Pe. = HoE /Dy, Pes = HoE/Ds).[31] The
lower diffusion coefficient of the large particle leads to a higher Pe_
compared to the Pes of the small particle. This indicates that the
evaporation rate is more dominant for the large particle than the small
particle, and in turn, the large particles are accumulated at the
descending interface. However, this model as well as its extended model
considering the interactions between the same species could not explain
the small—on—top stratification.[23] Drying models were further
extended by considering the influence of different drying conditions,
such as particle density and shape, on particle distribution. [19, 75, 76]
However, the stratification in colloidal film drying was not considered in
these models.

To understand the small—on—top stratification, Fortini et al. developed
a model by introducing an osmotic pressure.[26] They suggested that
the osmotic pressure gradient creates forces that act on the particles
away from the interface, and their strength is proportional to the cube of
the particle radius. Accordingly, large particles are strongly affected by
these forces and the depletion of the large particles occurs near the
interface, which leads to the small-on—top structure. But, no

quantitative analysis and systematic research have been conducted to
45



verify this model. In recent years, further extended models have been
developed in consideration of the interactions between the particles.
Zhou et al. derived the forces acting on the two types of particles based
on the chemical potential of the dilute hard—sphere mixture.[77] They
found that the interaction between the large and small particles creates
forces proportional to the cube of each particle radius. As a result, the
large particles are pushed downward by the small particles near the
interface, resulting in the small—on—top stratification. Zhou et al also
derived the conditions for the small—on—top stratification: a (a + PeL) ¢s >
1, where a is the size ratio, Pe_ is the Peclet number for the large particle,
and ¢s is the volume fraction of the small particles. Recently, Sear and
Warren introduced “colloidal diffusiophoresis,” in which the particle
motion of one species responds to a volume fraction gradient of
another.[69] Similarly, the large particles are pushed downward by the
small particles near the interface at high Peclet numbers and volume
fractions of the small particles.

The physical models have provided a useful way to capture the
reasons and conditions of the stratification; however, it was not possible
to observe the stress and microstructure during the drying process.
Therefore, the necessity of simulation studies has been emphasized
recently. Howard et al. described the drying process using the Langevin
dynamics simulation method by varying the Pe. for the particle size ratio
a = 4, 6, and 8.[49] They observed the time evolution of the volume
fraction profiles of the large and small particles and showed that the

depletion of the large particles near the interface occurred more strongly
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at high Pe.. Tatsumi et al also performed the Langevin dynamics
simulations by varying Pe. from 0.1 to 1000 for « = 1.5, 2, and 4,
respectively.[78] As a result, they found that there is a Pe. where
small—on—top stratification is the most enhanced. Most of the previous
simulation studies have focused on observing the small—on—top
stratification according to the Peclet number.[27, 49, 78—=80] There
were limitations in the analysis of the stress and microstructure during
the drying process and of the origin for the stratification from a
microscopic point of view.

In this study, we focus on understanding the small—on—top
stratification mechanism during the drying process of bi—disperse
colloidal films. To this end, the drying process is described using the
Brownian dynamics (BD) simulation. Simulations are performed over a
wide range of Pe. to observe the change in the stratification dynamics. At
the same time, the evolution of the particle distribution and normal
stress is observed and analyzed quantitatively. The normal stress
difference between the interface and the substrate is carefully
investigated, and the direct correlation between the normal stress
difference and microstructural development is examined. As a result, the
normal stress and its correlation with microstructure guide us to
examine the drying mechanism of bi—disperse colloidal films and the

stratification mechanism.
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3.2 Simulation methods

3.2.1 Model system

The model system is set to deal with the drying process of bi—
disperse colloidal films. Hard—sphere colloidal particles with two
different sizes of 0.5 and 0.125um radius are dispersed in a Newtonian
fluid. The initial bulk volume fraction is ¢@wko = 0O.1. The initial film
thickness is 30um, and the drying proceeds at a constant evaporation
rate (the rate of decrease in the interface position). To observe the
change in the drying process with the occurrence of the stratification,
drying is performed under various evaporation rates (5—50um/min).
These drying conditions are similar to the actual drying process of silica
colloidal film in air (evaporation rate 2—80um/min).[19]

The assumptions of the drying simulation are based on that of the
drying model of bi—disperse colloidal films.[77] The model assumed the
constant evaporation rate during drying, thin film that the lateral
direction was not important, and no bulk flow in the film. Under these
assumptions, the model proposed that the evolution of the volume
fraction profile was influenced by the Peclet number for the large and
small particles, particle size ratio, and initial volume fraction of the large
and small particles. In this study, we focused on the effect of the Peclet
number on the drying mechanism of bi—disperse colloidal films.

Figure 3.1 illustrates the three—dimensional (3D) simulation domain
based on the model system. A bi—disperse colloidal film 1s coated on a

stationary planar substrate (z = 0). Hard—sphere particles with two
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different sizes are initially randomly dispersed, and the ratio between
the large particle radius a. and small as is 4:1 (size ratio a = 4). The
diffusion coefficient of the small particle is four times larger than that of
the large particle (Ds = a D.) from the Einstein—Stokes relationship, D =
keT / 6zna. The initial volume fraction of the large particles is ¢o = 0.07
(the number of particles N. = 1500) and of the small particles is ¢so =
0.03 (the number of particles Ns = 40000). The domain size in the x and
y—direction is 40a., and periodic boundary conditions are applied. The
initial film thickness is Hp = 60a., and the interface moves down to the —

z direction at a constant evaporation rate during drying. The evaporation

rates are set to E = 6, 30, and 60 Ho/ 7, which corresponds to the Peclet

numbers Pe. (= HeE/DL) = 6, 30, and 60 for the large particle (Pes= HoE/
Ds = 1.5, 7.5, and 15 for the small particle). Drying proceeds to the film

thickness H = 0.18Ho, and at this point, the bulk volume fraction reaches
dou = 0.55. Ten simulations are conducted with different starting

configurations for each Pe..
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Figure 3.1 Schematic diagram of the bi—disperse colloidal film drying.

The large particles are colored in red, and small in blue.

50



3.2.2 Brownian Dynamics (BD) simulation
The behavior of the particles in the colloidal film is described by using
the Brownian dynamics (BD) simulation.[43, 44] The governing equation

1s the overdamped Langevin equation

0=-Gri+f" +f° +f' +f°. (3.1)
In the above equation, the first term on the right—hand side is the
hydrodynamic force described by the Stokes drag force (Stokes friction
(=6mnai). f7 is the inter—particle force, f° is the force from the
substrate, and fi' 1s the capillary force at the interface. These forces
are calculated by the differentiation of the potentials. Here,
f7=->0U /ox, from the inter—particle potential (U;) between the

j

different particles i and j. f°=-0U}/ox, from the particle—wall potential
(U’) and f'=-aU//ox, from the particle—interface potential (U!). f? is

the Brownian force, which is generated as a random value with zero

mean and variance <fiB(t)fiB(t’)>:2§ikBT5(t—t')I. Eagn (3.1) is numerically

solved by the Euler method over the time step At=10°H?/D_.[45] This

time step i1s small enough to prevent the overlap between the particles.
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3.2.3 Interaction potential

The interaction between the particles is modeled using the Weeks—
Chandler—Andersen (WCA) type potential (96—48). The potential

between the particles i and j is as follows

96 48 1
o o
)_ de ( ru] _( ruJ +Z I, < 21/486ij (2.9
= i i .

1/48
0 r; > 2 opt

UP

ij(

T

where rj is the center—to—center distance between the two particles and
oij = a + aj is the effective diameter (a is the radius of particle i). ¢
represents the strength of repulsion and is set to be ¢ = kgT.

The substrate acts as a (nearly) hard wall and the interaction between
the particle and substrate is also modeled using the Weeks—Chandler—

Andersen (WCA) type potential (96—48) [61, 52]

9% 48
Oii _| _Gii 1 1/48
U’(z)= 4{[2&@} (zi+aij +4} Zra <20y (3.3)

0 z,+a, >2""0,

In this potential, the particle i is repelled by an imaginary wall particle
(radius ai)) located at a distance a from the substrate z = 0 in the -z
direction.[51, 52] Here, z is the height of the center of particle i above
the substrate.

The interaction between the particle and soft film interface is modeled

using the purely repulsive harmonic potential.[26, 49]
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0 z,<H
U'(z)=1x(z, —H)*/2 H<z <H/S. (3.4)
K(Hf =H)*/2-F°(z -Hf) z2H/

Here, i is a spring constant to capture the strength of the interfacial
tension acting on particle i. The interfacial tension is proportional to the

particle surface area so that the spring constant for the large and small
particle is scaled accordingly, « /x;=(a /a; ) =a?.[49, 55] We take the
spring constant for the large particle x, =1000¢/a’, an appropriate value
for numerical stability and for moving particles along with the interface.
H’=H +a is a cutoff height where a particle is completely above the

interface and begins to descend by gravity, F?. FE° =—1q(Hi°—H) i1s set

to ensure that the capillary force is continuous at z = H;. In this
potential, the particles in H <z <H; descend by the force proportional to

zi —H, and descend by E° inz>H/.
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3.2.4 Normal stress calculation

The local normal stress in the z—direction, %,(z), is calculated using

the method of planes (MOP).[56, 57] The expression is as follows
(2, (2))==(n_(2)) kT = (s (2) ) ks T
1 Ny P 1 Ns P
o ; f.rsgn(z - z) ~x ,Z:;‘ f7son(z; -z)

(3.5)

where () denotes an ensemble average and n.(z) and ns(z) are the local
number density of the large and small particles, respectively. A is the
cross—sectional (x—y plane) area of the simulation domain, and f; is

the z component of the total inter—particle force acting on particle |i.

sgn(-) denotes a sign operator, which gives the value 1 or —1 when the
input 1s positive or negative, respectively. The first two terms in eqn
(3.5), —=(n(z))k;T , are the normal stress associated with the thermal

energy of the Brownian particles, and the other two terms,

N
_i<z fP sgn(zi_z)>, are the inter—particle stress, which originates
i=1
from the inter—particle forces. The inter —particle stress considers all of
the contributions of the inter—particle forces (f) on the local position z,
so that it is advantageous to reduce the noise compared to spatial

binning.[56] The effects of hydrodynamic interactions and the forces

from the interface and substrate are not reflected to calculate the stress.
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3.3 Results and discussion

3.3.1 Particle distribution in drying film

First, the particle distribution in drying films is visually observed
according to the Peclet number (Pe)). Figure 3.2 shows the snapshots of
the drying process of bi—disperse colloidal films. In this figure, the large
particles are colored in red and small in blue. The film thickness (H) is
denoted normalized by the initial film thickness (Ho), which decreases
with time from the initial value of 1.0. When Pe. = 6 in Figure 3.2(a), the
number of large particles at the interface increases as drying progresses.
Accordingly, at H/Hy = 0.4, a layer dominated by the large particles is
formed at the interface. As the large particles inside the film approach
the interface during the drying process, these particles are continuously
trapped to form a layer.[49] At H/Hy = 0.2, close to the final stage of
drying, the large and small particles are distributed throughout the film,
so we can confirm that small—on—top stratification does not occur at Pe_
= 6. When Pe. = 60 in Figure 3.2(b), a stratified layer composed of only
small particles is formed below the interface. The thickness of the
stratified layer is thicker at H/Hy = 0.4 than any other film thickness. At
H/Ho, = 0.2, the number of large particles at the interface is less than that
in Pe. = 6, which indicates that the large particles initially located near
the interface are pushed down to the substrate during drying.

These results are similar to the simulation results of Howard et
al.[49 ] They observed the distribution of large and small particles (size

ratio & = 4) at the final dried film when Pe. = 12 and 120. When Pe. = 12,
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Figure 3.2 Snapshots of the particle configuration in drying films. (a) Per

= 6; (b) PeL = 60.
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stratification did not occur, and the large particles were trapped at the
interface to form a layer. When Pe. = 120, the small—on—top structure
was formed and some of the large particles were located at the interface.
Furthermore, our results can be verified with the experimental results of
Liu et al. [81] They observed the particle composition at the top surface
(interface) of the final dried film by varying Pe.. They found that some
large particles were trapped at the top surface, and the number of large
particles decreased as Pe_ increased. These simulation and experimental
results can be related to our observations at Pe. = 6 and 60, which
shows the change in particle distribution depending on the occurrence of
small—on—top stratification (Figure 3.2).

Next, the time evolution of the particle distribution is quantitatively
investigated during the drying process. Figure 3.3 shows the local
volume fraction profile of the large and small particles according to the
film thickness, H/Ho. The volume fraction from the substrate (z = aJ) to
the film thickness (z = H) is plotted for each film thickness, and the
location of the interface is z/Hy = H/Hy for the corresponding film
thickness. In this analysis, the z—axis (z/Ho) bin width is fixed at 0.02a,
and the results are averaged over ten different initial configurations
(Note that the volume fraction profile in H/Ho > 0.96 is omitted because
insufficient particle number density produces a large noise at the
interface. In addition, the local volume fraction in z < a_ is also omitted for
the same reason.).

Let us begin with the volume fraction profile at Pe. = 6 (Figure 3.3).

At the interface, the volume fraction of the large particles increases with
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Figure 3.3 Local volume fraction profile of the large and small particles
during drying. The volume fraction from the substrate (z = a.) to the

interface (z = H) is shown at the corresponding film thickness.
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time, but that of the small particles remains at the initial low value during
drying. Near the substrate, the volume fraction of both particles
maintains the initial volume fraction for H/Ho > 0.7 and then increases as
the film thickness decreases for H/Hy < 0.7. In the film, the volume
fraction of both particles is higher near the interface than that at the
substrate in the initial stage of drying. When Pe,, Pes > 1, where
evaporation 1is more dominant than diffusion, the particles are
accumulated at the descending interface, resulting in a higher volume
fraction at the interface.[19, 29, 63] To quantify the accumulation of the
particles, we define that the position (z) is included in the accumulation
region when either the volume fraction of the large or small particles at

(2) increases by more than 10% of its initial volume fraction (4 ,= 0.07,
4, = 0.03). In this case, the accumulation region at H/Hy = 0.8 appears in

z/Ho > 0.27. Interestingly, the volume fraction of the large particles in the
accumulation region is lower close to the interface. This is because the
large particles are trapped at the interface during drying and only a few
large particles can exist below the interface.

When H/H, = 30, at the interface, the volume fraction of the large
particles increases with time for H/Ho > 0.8 and remains constant for H/Ho
< 0.8. Below the interface, the volume fraction of the large particles
clearly shows a lower value compared to the surroundings. As the film
thickness decreases, the volume fraction in this region decreases and
finally becomes zero. On the other hand, the volume fraction of the small
particles is high in this region, which indicates that the stratified layer of

small particles is formed. Based on these observations, the particle
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distribution near the interface can be correlated with the formation of the
stratified layer. The stratified layer prevents the large particles from
accessing or escaping the interface so that the volume fraction of the
large particles at the interface remains constant for H/Ho < 0.8.
Furthermore, the large particles form an accumulation region below the
stratified layer (i.e., 0.41 < z/H, < 0.67 at H/H, = 0.7). In this
accumulation region, the volume fraction of the large particles increases
with time, which means the region collects more large particles along
with its descent. For the small particles, however, the volume fraction is
the highest at the interface and decreases toward the substrate. This
indicates that the small particles are accumulated at the interface,
different from the large particles. At the substrate, the volume fraction
of both particles increases when H/Ho < 0.5.

Compared with Pe. = 30, when Pe. = 60, a more pronounced stratified
layer is formed near the interface, which means that the depletion of the
large particles is driven more strongly. Accordingly, the volume fraction
of the large particles is lower at the interface. In the accumulation region,
the volume fraction of the large particles is higher and its thickness is
lower at the same film thickness (.e., 0.46 < z/Ho < 0.66 at H/H, = 0.7).
This is qualitatively expected because at higher Pe., a shorter time is
needed to be dried to a specific film thickness, and in turn, the
accumulated particles cannot diffuse far away from the interface. For the
same reason, the volume fraction of the small particles is higher at the
interface. At the substrate, the volume fraction of both particles

increases when H/Ho < 0.4.
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These observations fit fairly well to the prediction of Zhou et al..[77]
They proposed a stratification model for the hard—sphere mixture based
on the chemical potential gradient. They revealed that the small—on—top
stratification occurred if a(a + Pe.) ¢s > 1. In this study, a(a + Pel)ds = 7.7

for Pe. = 60, 4.1 for Pe. = 30, and 1.2 for Pe. = 6. Thus, our simulation

1s in line with the stratification regime proposed by Zhou et al. at high Pe,.

A little mismatch at Pe. = 6 where the stratification does not occur in
this study can be due to the dilute mixture assumption used in their
model. The model seems to miss some drying mechanics in a wide range
of volume fractions of the colloidal film, which is covered in our
simulation.

The development of the accumulation region is closely examined. As
quantification of accumulation, the position z of the accumulation front is
computed with the minimum z—coordinates in the accumulation region. In
Figure 3.4, the position of the accumulation front is plotted with the
position of the interface according to the film thickness. In all Pe_ tested
in this study, the distance between the interface and accumulation front
increases as the film thickness decreases. At the same film thickness,
this gap is greater for the lower Pe.. For example, at H/Ho = 0.8, this gap
is 0.53Ho for Pe. = 6, 0.30Ho for Pe. = 30, and 0.23H, for Pe. = 60. This
result also indicates that the particles in the accumulation region can
diffuse longer distances toward the substrate for the lower PeL. At the
substrate, the accumulation front touches the substrate at thicker film
thickness for the lower Pe.. This film thickness is H/Hy = 0.70 for PeL. = 6

H/Hy, = 0.51 for Pe. = 30, and H/Hy = 0.42 for Pe. = 60. (Note that the
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accumulation front is defined based on the local volume fraction so that it
1s not defined below the height of a.. Accordingly, the lines do not go to

O but only to the height of a..)
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Figure 3.4 Position z of accumulation front along the normalized film

thickness (H/Ho). The blue dotted line and arrows show the thickness of

the accumulation region at H/Ho = 0.8.
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3.3.2 Normal stress localization in drying film

Figure 3.5 shows the local normal stress profile during the drying
process. The corresponding H/Hy is denoted next to the profile.
Moreover, the time evolution of the normal stress is shown at the
interface. This stress is calculated by an extrapolation of the local
normal stress evaluated near the interface to the position of the
interface. Note that for the same reason in the local volume fraction
profile (Figure 3.3), the normal stress in H/Ho > 0.96 and in z < a. are not
plotted.

The local normal stress profile is monitored according to the Pe.. At Pe.
= 6 (Figure 3.5(a)), the normal stress difference across the film is small
during drying. This can be understood that the motion of the particles
considerably stabilizes the perturbation of the normal stress due to the
moving interface.[40] Interestingly, the local volume fraction profile
shows variations with position z (see Figure 3.3) in contrast to the
almost uniform profile of the normal stress. Therefore, we can confirm
that not only particle distribution but also stress development must be
considered to understand the drying process of bi—disperse colloidal
films. At high Pe. (Figures 3.5(b), (c)), the normal stress difference
between the interface and substrate becomes larger, suggesting that
more dominant evaporation limits the stabilization of the normal stress,
and in turn, the stress is localized at the interface.[64—66] Moreover,
the normal stress at the interface is higher for Pe. = 60 than that for Pe_
= 30 at the same film thickness. This is also due to the effect of the

faster evaporation rate.
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Figure 3.5 Evolution of the local normal stress during drying. (a) Pe. = 6;
(b) PeL = 30; (c) Pe. = 60. The local normal stress profile is shown in a
black solid line, and the normal stress at the interface is shown in pink.

H/Ho is denoted next to the corresponding local normal stress profile.
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In Figure 3.5, a different stress evolution is observed at the two
boundaries. For all Pe., at the interface, the normal stress continuously
increases from the beginning as the film thickness decreases. On the
other hand, at the substrate, the normal stress remains at the initial
value even when the drying is in progress (.e., H/Ho = 0.8), and the
normal stress at the substrate begins to increase at lower film thickness
for higher Pe.. The film thickness of the initial stress increase is H/Ho ~
0.7 for Pe. = 6, H/IH, ~ 0.5 for Pe. = 30, and H/Hy ~ 0.4 for Pe. = 60.
Interestingly, this film thickness is almost identical to the film thickness
when the accumulation front touches the substrate (see Figure 3.4).
These results suggest that the development of the normal stress is
further enhanced when the accumulation front contacts the substrate. In
addition, at all Pe., the normal stress increases considerably for H/Ho <
0.4. This is a drying stage after the accumulation front contacts the
substrate and the volume fraction increases with time. Furthermore, in
H/Ho < 0.4, the bulk particle volume fraction is high (gwuk > 0.25) and
increases rapidly as drying proceeds, which results in the acceleration of
the normal stress development.

The high normal stress reflects a strong expansion outward of the
particle structure.[59] This implies that the particles experience the
force toward the substrate under the normal stress profile decreasing
from the interface to the substrate. Based on this hypothesis, we
examine the correspondence between the normal stress difference
formed in the film (Figure 3.6) and the net motion of large and small

particles (Figure 3.7). Figure 3.6 shows the evolution of the normal
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stress difference between the interface and substrate according to Pe,.
The normal stress difference is scaled to consider the stress increase
with increasing Pe. (Pes) due to stress localization. The scaling factor is

given in the form

Pe,« NokeT =(Pe.n, +Pegng )kgT = (GLE/ANL + (GE/ANs (3.6)
where, ng is the initial number density of the total particles. PenKk,T

(% E/A)Nk (k =L, S) represents the stress required to move a type k

particle at the evaporation rate (¢ E/A) multiplied by the total number of

type k particles, Nx. Under this definition, when all of the particles are
forced down by the descending interface, the scaled normal stress
difference becomes 1.0. In addition, the evolution of the scaled normal
stress difference in the drying process of monodisperse colloidal film
(Figure 2.7) is also plotted in Figure 3.6. In the monodisperse colloidal
film system, the particle radius a = a, initial volume fraction ¢o = 0.1
(the number of particles N = 2,000), and other conditions are the same
as in the bi—disperse colloidal film system.

In Figure 3.6, the scaled normal stress difference increases from the
beginning for all Pe.. Associating with the results in Figure 3.5, the
normal stress at the interface increases during drying but at the
substrate retains the initial value for a while. Naturally, an increase in
the normal stress difference can be expected. This increasing scaled
difference shows a larger value for lower Pe.. In addition, the difference
reaches a maximum at higher film thicknesses for lower Pe.. The

maximum is observed at H/Ho ~ 0.7 for Pe. = 6, H/Hy ~ 0.5 for Pe. = 30,
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Figure 3.6 Evolution of the scaled normal stress difference between the
interface and substrate. The scaled normal stress difference observed in
the monodisperse colloidal film is shown in a gray dotted line. The

arrows indicate the maximum of each curve.
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and H/Ho ~ 0.4 for Pe. = 60. It should be noted that this film thickness is
similar to the film thickness where the accumulation front touches the
substrate (Figure 3.4) and the normal stress begins to increase at the
substrate (Figure 3.5). Thus, the scaled normal stress difference can be
correlated with the formation of the accumulation front. At lower Pe_, the
thickness of the accumulation region is larger at the same film thickness.
This can be understood that the total proportion of the particles affected
by the interface is larger, which leads to the higher scaled normal stress
difference.

After the maximum, the scaled normal stress difference decreases for
Pe. = 30 and 60. On the other hand, the difference remains almost
constant for Pe. = 6, which suggests that the normal stress evenly
increases throughout the film during drying (see Figure 3.5(a)).
Furthermore, in all Pe., the difference increases again in the final stage
of drying as in H/Ho < 0.2. Note that the reason for this increase is
different from the increase at the initial stage of drying. The increase in
the beginning is originated from the formation of the accumulation region,
and accordingly, the localization of the normal stress at the interface.
However, in H/Hy < 0.2, the accumulation front has already reached the
substrate, and the stress localization occurs at the interface in the
regime where the volume fraction is very high (gouk > 0.5). Therefore,
the microstructural analysis and 1its correlation with the stress
localization are required to understand the origin of the normal stress
difference increase. Also, this analysis is carried out in the next section.

Next, the development of the scaled normal stress difference in the
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bi—disperse film (Pe. = 60) is compared with the monodisperse film (Pe
= 60) to understand the change in stress development (Figure 3.6). In
the monodisperse film at Pe = 60, the particles contacting with the
accumulation front are included in the accumulation region. So, the
number of particles in the accumulation region is proportional to the
distance where the accumulation front passes, resulting in a linear
increase of the scaled normal stress difference along the film thickness.
After the accumulation front touches the substrate (H/Ho ~ 0.3), a rapid
normal stress increase at the substrate leads to a decrease in the stress
difference. In the bi—disperse film, compared to the monodisperse film,
the scaled normal stress difference is higher at the same film thickness
before it decreases. Also, the difference reaches the maximum at higher
film thicknesses. These results imply that in the bi—disperse film, more
particles are influenced by the descending interface and a thicker
accumulation region is formed at the same film thickness. A thicker
accumulation region results in the accumulation front touching the
substrate at the early stage (higher film thickness), and the maximum
appears at a higher film thickness. Furthermore, the increase in the
scaled normal stress difference in H/Ho < 0.2 is only observed in the bi—
disperse film.

As mentioned before, the average particle velocity in the z—direction
1s computed to observe the net motion of the particles. The average
velocity is obtained for each type of particle to examine the effect of the

stratification. Figure 3.7 shows the evolution of the average velocity

normalized by the evaporation rate (—<v,>/E). Note that a (=) sign is
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Figure 3.7 Evolution of the normalized average velocity in the z—

direction for each type of particle. The normalized average velocity in

the monodisperse colloidal film is shown in a gray dotted line. The

arrows indicate the maximum of each curve. A (=) sign is used to

convert the descending velocity in the —z direction into a (+) sign.
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used to convert the velocity in the —z direction into a (+) sign (because
the descending interface is in the —z direction, i.e., the evaporation rate
is expressed as a (+) sign). In addition, the normalized average particle
velocity observed in the monodisperse film is also shown in the same
figure (Figure 2.8).

The normalized average velocity according to Pe. (Figure 3.7) shares a
similarity with the scaled normal stress difference (Figure 3.6). In all Pey,
the normalized average velocity increases (—<v,>/E increases) from the
beginning for both the large and small particles. For lower Pe., the
normalized average velocity shows a larger value in the initial stage.
This can be understood that as drying progresses, the number of
particles affected by the descending interface increases, leading to an
increase in the average velocity. In addition, the diffusive motion drives
the particles in the —z direction to resolve the volume fraction gradient,
which induces higher scaled velocity for lower Pe.. After the maximum,
the average velocity of the large particle decreases for all Pe.. This is
similar to the small particles for Pe. > 30. The decrease after the
maximum can arise from the stationary substrate, which significantly
hinders the particle motion in the —z direction after the accumulation
front touches the substrate. However, at Pe. = 6, the average velocity of
the small particle is almost constant for H/Hy < 0.7. We emphasize that
constant average velocity can be related to the constant normal stress
difference in H/Hy < 0.7 (see Figure 3.6), and the microstructural
analysis 1s necessary to explain it. Furthermore, at all Pe,, the average

velocity increases again in H/Ho < 0.2 for both types of particles. This is
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also associated with an increase in the normal stress difference in H/Hp <
0.2.

The normalized average velocity in the bi—disperse film (Pe. = 60) is
compared with that in the monodisperse film (Pe = 60) (Figure 3.7). In
the monodisperse film, the normalized average velocity increases until
the accumulation front touches the substrate and then decreases in the
final stage of drying. In the bi—disperse film, the normalized average
velocity increases faster for both the large and small particles than for
the monodisperse particles, and the average is higher for the large than
that for the small (.e., —<v,>/E = 0.51 for large, 0.43 for small, and 0.37
for monodisperse particles at H/Hy = 0.7). This result can be explained
in relation to the small-—on—top stratification. When the stratification
occurs, the large particles are pushed down near the interface, while the
small particles are accumulated at the interface. Therefore, the average
velocity of the large particles can be predicted higher than that of the
small particles. In addition, the proportion of the number of particles that
are affected by the interface is higher for both the large and small
particles than that for the monodisperse particles (Figure 3.6), leading to
a higher average velocity. Interestingly, after reaching the maximum, the
amount of velocity decrease of the monodisperse particle (from the peak
to the bottom) is lower than that of the large particle and higher than
that of the small particle (.e., A<w,>E = 0.41 for large, 0.11 for small,
and 0.30 for monodisperse particle). This is also related to the small—
on—top stratification. A relatively higher proportion of the large particles

1s located near the substrate due to the depletion near the interface. On
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the other hand, the small particles are accumulated at the interface and a
relatively lower proportion of the small particles is located near the
substrate. Therefore, the decrease in the average velocity due to the
stationary substrate is higher for the large particle and lower for the
small particle than that for the monodisperse particle.

In the previous studies, the motion of the particle has been correlated
to the normal stress profile. For example, several simulation studies
focused on the analysis of the normal stress profile to investigate a
shear—induced size segregation of bi—disperse colloidal suspension.
[82—84] They reported that the different effects of the normal stress on
the different types of particles can induce the size segregation and
qualitatively examined the relationship between the normal stress and
particle motion. Similarly, we qualitatively explain the relationship
between the normal stress difference at the two boundaries and the
motion of the particles in Figures 3.6 and 3.7. However, there are
unanswered questions about the distinct evolution of the stress
difference and the average velocity after the maximum and about their
increase in H/Ho < 0.2. So, the evolution of the local microstructure is

investigated for the next step.
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3.3.3 Microstructural development

The contact number (Nc) is evaluated for all of the particles located at
the interface (z = H) and the substrate (z = a)). The contact number is
calculated based on the type of contact, i.e., between the large particles
(Nc ), between the small particles (Ncss), and between the large and
small particles (Nc.s). For each type of contact, the number of particles
1s counted according to each contact number, and this count is divided by
the total number of the same species located at position z (z = H or a.).
As a result, the contact number distribution P(z,Nc) is given in the form
of a probability function and is observed with time. In Figure 3.8, the
evolution of the contact number distribution at the substrate, P(a,,N¢), is
shown to capture the microstructural change after the accumulation front
touches the substrate.

Figure 3.8(a) shows the large—large contact number distribution with
the film thickness, H/Ho. For all Pe,, the probability of Nciw = O is
significantly higher than that of Ncu > 1 in the beginning of drying,
indicating that only a few contacts exist. This distribution is maintained
even after HHy = 0.7. When Pe. = 6, the probability of Nci . > 1 starts to
increase from H/Hy ~ 0.6 and shows a continuous increase. As the Pe_
increases, the contact number increases at a lower film thickness, such
as H/Ho ~ 0.5 for Pe. = 30 and H/Ho ~ 0.4 for Pe. = 60. This is attributed
to the accumulation front touching the substrate at a lower film thickness
with increasing Pe.. At the final stage of drying, the mean of the contact
number distribution is the smallest when Pe. = 6.

Figure 3.8 (b) shows the small—small contact number distribution with
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Figure 3.8 Evolution of the contact number distribution at the substrate
P(z=a.,N¢). The contact number is computed for each type of contact: (a)
large—large (Nci); (b) small—small (Ncss); (c¢) large—small (Ncis)

contact.
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the film thickness. For all Pe., the small—small contact begins to increase
at a lower film thickness than the large —large contact. At the final stage,
the distributions are similar in all Pe., and the mean of the distribution is
much lower than the mean of the large—large contact. Figure 3.8(c)
shows the large—small contact number distribution according to the film
thickness. For all Pe., the large—small contact begins to increase at a
higher film thickness than the large—large contact. At the final stage, the
mean of the distribution is higher compared to the other types of contact
and is the highest at Pe. = 6.

From the observations of the contact number distribution, we can get
an idea of the microstructure on the substrate. The large particles
occupy a large volume, resulting in a high contact number between the
large particles. Also, the large particles are surrounded by the small
particles, resulting in a high large—small contact number. Because the
large—small contact cannot occur as much as the contact between the
large particles, when the large—large contact number is high, the large—
small contact number is relatively low. In addition, the small particles
reside in the remaining volume of the large particles, so that many small
particles cannot be collected, which leads to a low small—small contact
number.

Figure 3.9 shows the contact number distribution at the interface
relative to the distribution at the substrate, i.e., P(H,No) — P(a.,Nc). A
positive value of the difference means that the probability of the
particles with the corresponding Nc is higher at the interface and a

negative value means that such probability is higher at the substrate.
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The difference between the two distributions can be useful to analyze
the microstructural difference between the interface and substrate. For
example, when the difference is positive at high Ncu, the probability of
large particles with high Nc.. is higher at the interface than that at the
substrate, and in turn, a structure that the large particles are in more
contact can be predicted at the interface.

First, in Figure 3.9(a), the large—large contact number distribution is
shown with the film thickness. For all Pe., the probability of Nc.. = 1 and
2 1s higher at the interface in the initial stage, which is related to a
higher probability of Nciw = O at the substrate. When Pe. = 6, the
probability of high Ncu. is larger at the interface during the entire drying
process. And in H/He < 0.6, the probability for Nci. > 2 at the interface
continuously increases as the film thickness decreases. This is because
the large particles approach the interface during drying, and are
continuously trapped to form a layer (Figures 3.2, 3.3). When Pe. = 30,
the probability of high Ncu is larger at the interface until H/Hy > 0.4,
attributed to the accumulation of large particles in the beginning of
drying. Also, the depletion of the large particles occurs near the
interface so that the contact number at the interface does not increase
much. Interestingly, in H/Ho < 0.4, a significant increase is observed in
the contact number at the substrate. This can be explained that there are
many large particles in the accumulation region due to stratification
(Figure 3.3), resulting in a rapid increase in the contact number after
these large particles reach the substrate. When Pe. = 60, the pattern is

similar to when Pe. = 30, which is related to the small—on—top
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Figure 3.9 Evolution of the contact number distribution at the interface,

P(H,Nc), relative to the substrate, P(a.,Nc), i.e., P(HNc)— P(aNc). (a)

large—large (Nci); (b) small—small (Ncss); (c) large—small (Ncis)

contact.
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stratification.

In Figure 3.9(b), the small—small contact number distribution is shown
with the film thickness. When Pe. = 6, the difference is very small in the
distributions at the interface and substrate. This indicates that the
contact between the small particles appears a little at the interface,
similar to the substrate. When Pe. = 30, the probability of high Ncss is
larger at the interface from the beginning of drying and increases further
as the film thickness decreases. This is due to the accumulation of the
small particles at the interface. The probability of high Ncss remains
higher at the interface even after the accumulation front touches the
substrate, i.e., H/Ho < 0.5. Furthermore, we emphasize that in H/Ho < 0.2,
a sharp increase is observed in the contact number at the interface. In
H/Ho < 0.2, the bulk particle volume fraction is very high (gouk > 0.5) and
the average distance between the particles is small. Therefore, this
increase can be attributed to the acceleration of the contact between the
small particles arising from the compression effect by the descending
interface.[71, 72] When Pe. = 60, more dominant evaporation intensifies
the accumulation of the small particles at the interface, which results in a
higher contact number at the interface compared to Pe. = 30. In H/Ho <
0.2, a sharp increase is also observed at the interface.

In Figure 3.9(c), the large—small contact number distribution is shown
with the film thickness. When Pe. = 6, the distribution is almost uniform
at both the interface and substrate in H/Ho > 0.6. In H/Hy < 0.6, the
contact number increases with time at both, and the probability of high

Ncis is larger at the substrate than at the interface. This can be related
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to the larger probability of high Ncu. at the interface (Figure 3.9(a)), as
discussed earlier (Figure 3.8). When Pe. = 30, the probability of high
Ncis 1s larger at the interface from the beginning of drying. This is
because not only of the accumulation of the small particles but also of
the depletion of the large particles. In other words, a few large particles
are surrounded by many small particles. However, in H/Hy < 0.4, the
difference between the two distributions decreases, and as a result, the
two distributions become almost uniform at the final stage. When Pe. =
60, the probability of high Ncis is larger at the interface during the entire
drying process. At the interface, the number of small particles is higher
and that of large particles is lower compared to Pe. = 30, leading to a
higher contact number at the interface.

In order to investigate the change of the microstructure related to the
contact number distribution, the 2D planar partial pair—distribution
function is computed and shown in Figures 3.10 and 3.11 (this analysis
is performed at H/Hy = 0.18, where all types of contact numbers are
sufficiently high.).[85] The partial pair—distribution function is obtained
using particle distribution located at the interface (z = H) and the

substrate (z = a.). Figure 3.10 shows the position of the small particles

based on the large particles, ngf (rxy) and Figure 3.11 shows the position
of the small particles based on the small particles, gff (rxy) Note that

gXLyL(er) is not plotted due to a large noise at the interface at high Pe,

which arises from the insufficient number of the large particles.

First, we analyze the results in Figure 3.10. When Pe,. = 6, ngf (rxy)
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Figure 3.10 2D planar partial pair—distribution function for the position
of the small particles based on the large particles, gXLyS (rxy) (at H/Ho =
0.18), at the interface (z = H) and substrate (z = a.). Red lines indicate

the peaks near ry = a. + as, aa + 3as, and 3a. + as from the left,

respectively.
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shows a bright peak near ry = aL + as and weak peaks near ry = a_ + 3as
and 3a. + as at the interface. All the peaks are less clear at the substrate
than that at the interface. This is due to the higher volume fraction of the
large particles at the interface than that at the substrate (Figures 3.2,
3.3), which suggests that the volume fraction of the large particles has a
great influence on the formation of a packed structure. In addition, a
similar pattern to the interface of Pe. = 6 appears to the substrate of Pe_
= 30 and 60. At high Pe,, the large particles are depleted from the
interface and many of them exist near the substrate so that a packed
structure can be formed near the substrate. At the interface, two weak
peaks near ry = a. + as, and a. + 3as are observed. These two peaks
suggest a structure where the large particles are surrounded by many

small particles.

In Figure 3.11, when Pe. = 6, gfys(rxy) shows a bright peak near ry =

Z2as and weak peaks near ry = 4as and 2a_. + Zas at the interface. Here, a
peak near ry = 6as does not appear, which suggests that the arrangement
of the small particles is hindered by the large particles. All the peaks are
unclear at the substrate compared to the interface, which suggests that
the distribution of the small particles is greatly influenced by the large
particles. In addition, a similar pattern to the interface of Pe. = 6 is also
observed at the substrate of higher Pe.. Interestingly, although the small
particles are accumulated at the interface at higher Pe. (Figure 3.3), the
peaks near ry = 2as and 4as are brighter at the substrate than that at the

interface. This result also supports that the large particles significantly
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Figure 3.11 2D planar partial pair—distribution function for the position

of the small particles based on the small particles, gff(rxy) (at H/Ho =

0.18), at the interface (z = H) and substrate (z = a.). Red lines indicate

the peaks near ry = 2as, 4as, and 2a. + 2as from the left, respectively.
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affect the distribution of the small particles.

To sum up, the evolution of the normal stress difference (Figure 3.6)
and the contact number distribution (Figures 3.8, 3.9) can be correlated
as follows. When Pe. = 6, the increasing normal stress difference from
the beginning of drying becomes constant after the accumulation front
reaches the substrate, i.e., HHy < 0.7. In 0.6 < H/Ho < 0.7, the volume
fraction of the two types of particles increases at both the interface and
substrate, but the contact number distribution is almost consistent at
both, resulting in the constant normal stress difference. In H/Ho < 0.6, the
increase in the large—large contact at the interface is counterbalanced
by the increase in the large—small contact at the substrate, leading to
the constant normal stress difference. For higher Pe., the large—large
and large—small contact start to increase at the substrate with the
accumulation front touching the substrate. The increasing volume
fraction and contact number induce the acceleration of the normal stress
development at the substrate, and therefore, the normal stress
difference decreases as the film thickness decreases.

Furthermore, the increase in the normal stress difference in H/Hy < 0.2
can be explained by the correlation of the contact number distribution
and partial pair—distribution function (Figures 3.10, 3.11). When Pe_ = 6,
the packed structure is formed at low film thickness. A continuing
descent of the interface gives rise to the compression of this packed
structure, which results in the localization of the stress at the interface.
For higher Pe., the small particles are accumulated at the interface, and

the contact between the small particles sharply increases at the final
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stage of drying. A continuing descent of the interface contributes to an
increase in the contact between the small particles as well as the
arrangement of the small particles, resulting in the localization of the
stress at the interface.

Our results of the microstructural analysis can explain the binary
crystal structures observed in the experimental studies on the drying
process of bi—disperse colloidal film.[20—22, 25, 27] Several studies
confirmed that the evaporation—driven binary colloidal crystals (bCCs)
were formed at the top surface of the final dried film. In the crystalline
domain, the large particles were assembled into a hexagonal close—
packed array, and the small particles were located in the interstitial void
of the large particles. In this study, at the interface of Pe. = 6, the large
particles occupy a large volume and contact each other, and the small
particles are located in the remaining volume of the large particles,
which is connected to the bCCs. On the other hand, at Pe. = 60, the
stratified layer prevents the large particles from accessing the interface
so that the volume fraction of the large particles remains constant.
Accordingly, a close—packed array of the large particles does not appear

at the interface, which suggests that the bCCs cannot be formed.
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3.4 Summary

In this chapter, the evolution of the normal stress and microstructure
in the drying process of bi—disperse colloidal film has been studied by
using the Brownian dynamics simulation. Simulations are carried out
over a wide range of Peclet numbers (Pel) to investigate the formation
process of the small—on—top stratification in colloidal mixtures of two
different sizes. At low Pe. (Pe. = 6), the stratification does not occur,
and the layer dominated by the large particles is formed at the interface.
At high Pe. (Pe. = 30, 60), the large particles are depleted from the
interface, and the stratified layer of small particles is formed near the
interface. In all Pe. we have tested, the particles are accumulated near
the interface due to evaporation dominance (Pe. > 1), and accumulated
particles result in the localization of the normal stress so that the normal
stress at the interface increases from the beginning of drying. At the
substrate, the normal stress maintains its initial value and then increases
with the accumulation region touching the substrate.

The localization of the normal stress is quantified by the scaled normal
stress difference between the interface and substrate. In all Pe., the
scaled normal stress difference increases with decreasing film thickness
until the accumulation region contacts the substrate. As Pe_ increases,
the thickness of the accumulation region decreases at the same film
thickness, which leads to the lower scaled normal stress difference at
the initial stage of drying. The stress difference shows the distinct
evolution after the maximum. At low Pei, the stress difference remains at

the maximum, however, at high Pe_, it decreases. The reasons for this
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stress development are explained by the evolution of the contact number
distribution at the two boundaries. At low Pe., the large—large contact
number is higher at the interface, but the large—small contact number is
higher at the substrate. As a result, two effects balance each other,
resulting in the constant stress difference after the maximum. At high
Pe., the large—large and large—small contact number are higher at the
substrate due to the higher volume fraction of the large particles. As a
result, the normal stress development is accelerated at the substrate,
leading to a decrease in the stress difference.

Interestingly, for all Pe., the scaled normal stress difference increases
again at low film thickness (H/Ho < 0.2). This is also explained by the
contact number distribution. At low Pe., a continuing descent of the
interface gives rise to the compression of the particle structure, which
can result in the localization of the stress at the interface. At high Pe., a
continuing descent of the interface leads to a sharp increase in the
contact between the small particles as well as the arrangement of the

small particles, resulting in the localization of the stress at the interface.
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Chapter 4.

Stratification mechanism on the local length scale
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4.1 Introduction

It was not sufficiently explained in the previous Chapter 3. why the
large particles preferentially move toward the substrate compared to the
small particles. In this chapter, we investigate the force acting on each
species on the particle length scale to understand the different behavior
of the two species. The local forces applied to each species are derived
by a decomposition of the local normal stress. The development of the
local force field is analyzed in detail to present the process of
stratification. In addition, the local microstructural development is
closely investigated to interrogate the local force response. As a result,
the physical origin of the stratification is explained in terms of the local

normal stress.

90



4.2 Derivation of the local force field

In order to analyze the effect of the local normal stress on different
species, the normal stress from the inter—particle forces is decomposed
according to the type of interacting particles. The expression 1S as

follows
(2, (2)) ==(n @) keT =(ng (2)) ko T +(Z5 (2)) +(Z5% (2)) + (22 (2)) . (4.1)

The last three terms on the right—hand side are corresponding to the
interaction of large—large, small—small, and large—small particles,
respectively. Based on the above equation, we derive the local forces
acting on the different species, which is originated from the local normal
stress gradient.

We assume that only the motion in the z—direction is relevant in the
drying process, i.e. one—dimensional system. In this case, the gradient in
the zz—component of the normal stress is equal to the force per unit

volume in the z—direction.[67, 68] The microscopic expression is
NS

(2, (2))/cz :i@(z— Z) fi;>+z<5(z - zj) fj§>= Fr(2)+F(z) (4.2)

j=1

where f- is the net force in the z—direction exerted on the i" large
particle due to the interaction between the particles. The force includes
the contributions from the Brownian motion, the interaction between the

large particles, and between the large and small particles. fj‘;‘ 1s the net

force in the z—direction exerted on the j" small particle due to the

interaction between the particles. Similarly, the force includes the
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contributions from the Brownian motion, the interaction between the
small particles, and between the small and large particles. F"(z) is the
local force density in the z—direction exerted on the type m particle (m =
L,S). In eqn (4.2), the local force density for each type of particle can be
derived from the decomposition of the normal stress by its components
in eqn (4.1). In the components, the Brownian stress of the type m
particle and the normal stress from the inter—particle forces between
the type m particles induce the net motion of the type m particle to
reduce the gradient. Accordingly, these two stress terms can be

represented by another stress term. Eqns (4.1) and (4.2) give

(£.2) =(242) 4 £12) & £ (4.3)

(=0 (2)) =—(n, () ks T +(Z0™ (2)) (4.4)
F'(2)= & 31 2)) ez, m=1, (4.5)

The normal stress from the interaction between the different species
gives rise to the net motion of the particle in another mechanism. For
example, when the center of a large particle is above or below the center
of a small particle at the collision, the upward or downward motion for
the large particle is created, respectively. Therefore, this stress term

can be decomposed into
(255 (2) = (255 () + (228 (2)) = (2% (2)) + (253 (2) (4.6)

where 2™ and =°™ represent that in the normal stress due to the

2z,— 2z,+

interaction between the type m and n particles, a normal stress
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component to move the type m particle in the -z and +z direction,
respectively. When the volume fraction of the small particles relative to

that of the large particles is almost consistent in the z—direction, =*° is

P,LS
7,4+

almost equal to X which cannot induce the net motion of the particle.

On the other hand, when it increases in the +z direction, =}"° becomes

P,LS
7,4+

larger than X which induces the net motion of the large particle to -z

direction (of the small particle to +z direction).
The gradient of ™% is also the force per unit volume in the z—
direction.
NS
<ZPLS >/az_ < z—zi)fijs>+z<§(z—zj)f§>=FZLS(2)+FZSL(2) (4.7)
j=1
where f™ is the force in the z—direction exerted on the i" type m
particle due to the type n particles. F™ is the local force density in the

z—direction exerted on the type m particle due to the type n particles.
Furthermore, considering the decomposed stress terms in eqn (4.6), the

gradient of =% can be written by

o(zf, (2))foz=a{(x £ Ca)+(z S(-Y)}/o - (4.8)

Here, the right—hand side of eqn (4.8) can be rewritten by introducing

an infinitesimal height J,, which gives
liml(zht (2 +0)) A =50z 9)) =Y (- 3LY)/s. (1)

Because of 2™ =3P"™ eqn (4.9) can be reorganized,

27,— zZ,+

93



m{(zg}ﬁ (2+6,))—(Z2° (2)) + (22 (2+6,))~(Z (2))} /5, . (4.10)

From the eqns (4.7)—(4.10), the local force density due to the

interaction between the type m and n particles is

lim (35 (2+5,)) - (22 (2))} /5, = F™(2). (4.11)

5,0

Hence, from the eqns (4.2) —(4.11), the local force density for each type

of particle is expressed as

F-(z2)=F"(2)+F>(z), F’(z2)=F*(2)+F>*(z) (4.12)

z

The net force exerted on the particle is the integration of the local

force density over the volume of the particle[67, 68]

£ (z)=] F"(z)dv (4.13)
where Vp is the volume of a type m (m =L, S) particle. The local net
force in the z—direction on the type m particle, f"(z), is computed by

integrating the local force density over the volume of the type m particle,

assuming that the center of the particle is located at that position z.
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4.3 Results and discussion

4.3.1 Evolution of local force field

The net force can be decomposed according to the types of interaction.

For the large particle, the net force is composed of the force from the
interaction between the large particles, f"(z), and the one from the
interaction with the small particles, fZLS(z). For the small particle, the

net force is composed of the force from the interaction between the
small particles, fZSS(z), and the one from the interaction with the large
particles, f>(z).

Figure 4.1 shows the evolution of the local force field for each type of
particle at Pe. = 60. The local force field is plotted from the substrate (z
= ay) to the interface (z = H) as a function of the film thickness, H/Ho.
The local force is scaled by &n E, m =L, S, which is the force to move the
particle at the evaporation rate. Here, a (—) sign is used to convert the
force in the —z direction into a (+) sign (because the evaporation rate is
expressed as a (+) sign). By the definition, the (+) or (=) sign of the
scaled force indicates that the net force acts on the particle in the
direction of the substrate or interface, respectively.

For the large particle (Figures 4.1(a), (b)), f'(z) (Figure 4.1(a))
shows a negative scaled force near the interface (i.e., 0.29 < z/Ho < 0.33
at H/Hy = 0.4) and positive scaled force beneath that negative (0.14 <
Z/Ho < 0.24). These negative and positive scaled forces become stronger

as the film thickness decreases. f®(z) (Figure 4.1(b)) shows a

negative scaled force at the interface, and a positive scaled force
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Figure 4.1 Evolution of the scaled local force field during drying at Pe. =
60. The local force from the substrate (z = a) to the interface (z = H) is
shown at the corresponding film thickness. The local force is computed
according to the types of interacting particles. (a) f"(2); (b) f2(2);
(©) £2(2); (d f>*(z). A (—) sign is used to convert the force in the —z

direction into a (+) sign.
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beneath that negative. Interestingly, the positive scaled force becomes
stronger and larger than 1.0 with decreasing film thickness. This
suggests that the large particles are strongly forced to the substrate by
the small particles and are pushed faster than the evaporation rate,
which leads to the stratified layer of only small particles.

For the small particle (Figures 4.1(c), (d)), f*(z) (Figure 4.1(c))
shows a positive scald force near the interface and this force becomes
stronger with decreasing film thickness. f*(z) (Figure 4.1(d)) shows a
negative scaled force near the interface, which becomes stronger with
decreasing film thickness. This negative force can be correlated with the
positive scaled force in f'°(z). The small particles pushing the large
particles toward the substrate receive the reaction force toward the
interface.

The scaled local force field (Figure 4.1) can be qualitatively explained
with the local volume fraction profile (Figure 3.3). The negative and
positive scaled forces in f''(z) are observed in the upper part of the
accumulation region. The volume fraction of the large particles is the
highest in a region between the two scaled forces, which pushes the
large particles to move to both the upper (negative scaled force) and
lower (positive scaled force) regions to reduce the volume fraction
gradient. In addition, the volume fraction of the small particles is the
highest at the interface and continuously increases during drying, which
results in the positive scaled force in f*(z) and 2(2).

Note that in both Figures 4.1(c) and (d), the intercalated zone where
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the positive and negative scaled forces appear alternately is formed near
the substrate in H/Ho < 0.4 (the intercalated zone is zoomed in and
presented in Figure 4.2(a)). This can be explained by the particle
structure. In Figure 4.2(b), the particle configuration near the substrate
1s shown at H/Ho = 0.18. Zone 1 and 2 represent the first and second
layers of the large particles from the substrate, respectively. In each
zone, when the center of the small particle is below or above the center
of the layer of large particles, a positive or negative scaled force is
exerted to the small particle from the large particle, respectively.

Furthermore, in each zone, the direction of fzSS (z) is toward the center of

the zone, which is due to the volume fraction gradient of the small
particles. Thus, the signal of the alternating sign may indicate the
structure in which the small particles reside in the arrangement of the
large particles. Indeed, this signal begins to be formed at the film
thickness H/Ho ~ 0.4 where the accumulation front begins to touch the
substrate and grows upward as the film thickness decreases.

Figure 4.3 shows the evolution of the scaled local net force field in the
z—direction for each type of particle. The local net force is the sum of
the local forces according to the types of interacting particles:
fr@)=f"@)+ %@, °@Q=1t>0@)+ 1*@).

When Pe. = 6 (Figure 4.3), in H/Hy > 0.6, the scaled force is almost O
inside the film, and a signal appears only at the interface for both large
and small particles. At the interface, a negative scaled force is observed
for the large particle arising from the interaction with the small particles

(Figure 4.1(b)). The large particles located at the interface descend
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Figure 4.2 (a) Zoom—in on the intercalated zone in the scaled local force
field of small—large interaction, f*(z) for H/Ho < 0.4. (b) Snapshot of

the particle configuration near the substrate at H/Hy = 0.18 for Pe. = 60.
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Figure 4.3 The evolution of the scaled local net force field during drying.
The local net force i1s the sum of the local forces according to the types

of interaction.
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along with the interface and push the small particles below downward,
resulting in a positive scaled force for the small particle at the interface.
In H/Ho < 0.6, for the large particle, a positive scaled force becomes
stronger near the two boundaries as the film thickness decreases, and at
the final stage, the positive scaled force is observed in most of the film.
For the small particle, the intercalated zone grows from the substrate
(Figures 4.1(c), (d)). Furthermore, this zone also grows from the
interface in H/Ho < 0.5. At the final stage, the intercalated zone is
observed in the entire film, which suggests that the large particles are
arranged in the entire film, and the small particles reside between the
large particles and interact with them.

At high Pe. (= 30, 60), a positive scaled force is observed near the
interface for the large and small particles from the initial stage. This
scaled force is stronger and thinner for Pe. = 60 compared to that for Pe.
= 30. The positive scaled force for the large particle arises from the
interaction with the small particles and for the small particle from the
interaction between the small particles (Figures 4.1(b), (c)).
Interestingly, for the large particle, the scaled force is initially close to 1
and becomes higher with decreasing film thickness. For the small
particle, however, the scaled force shows a value lower than 0.2 during
the drying process. Accordingly, the depletion of the large particles
occurs near the interface due to the difference in the descending rate of
the two species. At the final stage, the positive scaled force is observed
in most of the film for the large particle. On the other hand, for the small

particle, the intercalated zone is observed near the substrate, but a
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negative scaled force is predominant near the interface. This can be
related to the packed structure formed near the substrate (Figure 4.2).
The small particles in the packed structure show the signal of the
alternating sign, and the small particles above the packed structure are

forced upward by the structure, which shows the negative scaled force.
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4.3.2 Local force field and local volume fraction profile

In Figures 4.1 and 4.3, the large particles experience a strong force to
the substrate direction at high Pe. due to the small particles accumulated
near the interface. This force is developed from the beginning of drying
and increases as drying progresses. Therefore, to explain the origin of
the force, we carefully analyze the developing force in the early stage of
drying. For this purpose, the scaled local force field at H/Hy = 0.9 when
Pe. = 60 is shown in Figure 4.4(a). In addition, to demonstrate the
correlation between the local force and particle distribution, the local
volume fraction profile at H/Ho = 0.9 when Pe. = 60 is shown in Figure
4.4(b).

Figure 4.4 (a) represents the scaled local force field near the interface
(z/Ho > 0.75). At the interface (z/Ho = 0.90), f'(z) and f>(z) show a
positive scaled force, while f“(z) and f*(z) show a negative scaled
force. The negative value of f*(z) is about 18 times larger than the
positive value of f(z), which suggests that this force field plays a
critical role in trapping the large particles at the interface (see Figure
3.3). Below the interface, in z/Ho < 0.88, all types of scaled forces have
opposite signs to the interface. The maximum value of f(z) is more
than 5 times larger than those of the other scaled forces. This force field
can induce the large particles to preferentially move away from the
interface compared to the small particles. Moreover, all types of scaled
forces approach O with decreasing position z.

Figure 4.4 (b) represents the local volume fraction profile near the
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Figure 4.4. (a) Scaled local force field near the interface at H/Ho = 0.9
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interface at H/Hy = 0.9 (Pe. = 60). For the large particle, the volume
fraction shows the maximum at the interface, and the minimum is

observed at z/Ho ~ 0.88. In 0.84 < z/Hy < 0.88, the volume fraction

increases with decreasing position z, and it decreases again in z/Ho < 0.84.

For the small particles, the volume fraction shows the maximum at z/Ho ~
0.88, and it decreases with decreasing position z. Due to the scaled force
fZLS(z), the large particles approaching the interface are trapped, and
those located in z/Hy < 0.88 are pushed to the substrate direction so that
the minimum of ¢ appears at zZ/Ho ~ 0.88. On the other hand, the
maximum of ¢s appears at z/Hy ~ 0.88 due to the scaled force f*(z).
Interestingly, the position z where the sign of f®(z) and f>(2)
changes is almost equal to the position z where the minimum of #. and
the maximum of ¢s appear. Through these observations, we can suggest
that the sign of the scaled local force is closely related to the gradient of
the local volume fraction. More specifically, f"(z) and f*(z) can act
on each type of particle down the volume fraction gradient of ¢. and ¢s,
respectively. This is due not only to particle diffusion but also to the
contact between the same species. At a high volume fraction, the
average distance between the particles is small and the particles
frequently contact each other, which gives rise to the repulsive force in
the direction where the volume fraction decreases. At the interface, the
volume fraction decreases for the large particle and increases for the
small particle with decreasing z/Ho. Thus, the forces push the particles in

the —z direction for the large and in the +z direction for the small
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particle, which is in agreement with the positive scaled force of f'(2)
and the negative scaled force of fZSS (z) . Furthermore, the average
number of small particles in contact with large ones increases
significantly with decreasing z/Ho due to a decrease of ¢. and an increase
of ¢s. These contacts push the large particles in the +z direction, which
1s associated with the negative scaled force of fZLS(z). Likewise, the
average number of large particles in contact with small ones decreases
with decreasing z/Ho and it is related to the positive scaled force of
f3(2).

The scaled local force field below the interface can also be explained
with the volume fraction gradient (Figure 4.4). In 0.84 < z/Ho < 0.88, the
negative scaled force of f'(z) and the positive scaled force of f¥*(z)
can be related to an increase of ¢. and a decrease of ¢s as z/Ho decreases.

The positive scaled force of f(z) and the negative scaled force of
f%(z) are also related to a decrease in the average number of small

particles in contact with large ones as z/Ho decreases. In addition, in z/Ho
< 0.84, the volume fraction of both particles gradually changes according
to the position z. This can be understood that the interaction between the
particles changes slightly according to the position z so that all types of
scaled forces become close to 0.

The correlation of scaled local force and local volume fraction in
Figure 4.4 demonstrates that the strong downward force experienced by
the large particles arises from the particle distribution in the early stage
of drying. The large particles approaching the interface are trapped due

106



to the interaction with surrounding small particles, and the volume
fraction below the interface decreases. On the other hand, the volume
fraction of small particles increases below the interface because not only
of the accumulation but also of the downward force exerted by the large
particles located at the interface. As a result, below the interface, the
average number of small particles in contact with large ones increases
significantly, which creates a strong force that pushes the large particles
toward the substrate.

In Figure 4.4, we suggest that the dominant f"(z) below the interface
1s closely related to the distribution of particles. To test this hypothesis,
Figure 4.5 represents the development of f"(z) and the change of
volume fraction profile during the drying process for each Pe.. The
profile is plotted according to the z — H to set the position z of the
interface to O at each film thickness. In addition, the profile is plotted for
z/Ho > H/Ho — 0.2 to focus on the change near the interface.

At the initial stage of drying H/Ho = 0.9, below the interface, fZLS(Z)
shows a value close to O for Pe. = 6, while a positive scaled force for
higher Pe.. For the volume fraction profile, at all Pe., ¢, is the highest at
the interface, followed by the minimum below the interface. This
indicates that the large particles are trapped at the interface at the early
stage of drying for all Pe. we test. In addition, ¢s increases near the
interface with increasing Pe.. From this observation, the formation of

fzLS (z2) can be explained with the volume fraction profile at the beginning

of drying. At high Pe, the positive scaled force of f(z) is developed
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Figure 4.5 Evolution of the scaled local force field of large—small
interaction, f(z), and of the local volume fraction profile near the
interface. The profile near the interface, (z—H)/Ho > —0.20, is shown at

the corresponding film thickness.
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due to both the low volume fraction of large particles and the high
volume fraction of small particles near the interface.

During the drying process, fzLS (z) remains at a low value for Pe. = 6,
which is related to the gradual change in the volume fraction of large and
small particles according to the position z. When Pe. = 30, fZLS(z)
maintains its maximum value until H/Hy = 0.7 and increases thereafter.
When Pe. = 60, the maximum value of fzLS (z) continuously increases. In
both Pe. = 30 and 60, as drying proceeds, the minimum value of ¢,
decreases, and the maximum value of ¢s increases below the interface.
This result can be understood that the large particles are depleted from
the interface due to fZLS(z), while the small particles are continuously
accumulated near the interface, which, in turn, gives rise to an increase
of f°(z) as drying proceeds.

To sum up, the mechanism of small—on—top stratification at high Pe_
can be summarized as follows. Due to the dominant evaporation
compared to particle diffusion, both types of particles are accumulated
near the interface at the initial stage of drying. The large particles
approaching the interface are trapped by the surrounding small particles,
and the volume fraction below the interface decreases. On the other
hand, the small particles are pushed down by the large particles located
at the interface and the volume fraction below the interface increases.
As a result, below the interface, the average number of small particles
interacting with the large ones increases significantly, which induces a

strong force in the substrate direction on the large particles. The

109

;ﬁ'! X

3 =11 =1
|-1-'l| .J!'



difference in the volume fraction of large and small particles increases
as drying proceeds, which results in an increase of this force. Thus, the
large particles are depleted near the interface, forming a small—on—top
structure.

Our scaled force analysis shares similarities to the force model studied
by Fortini et al.[26] They modeled the force (f) in the thickness (2)
direction received by the particle with the diameter (d) under the
osmotic pressure gradient (0P/6z) as f (d) = d®*(-0P/0z). This is similar to
our scaled force in that the force acting on the particle is obtained by
integrating the normal stress gradient over the particle volume. However,
there are important differences. We decompose the normal stress by
considering the types of interacting particles and derive the scaled force
with four components. The force derived from the total normal stress
without decomposition can lead to an incorrect prediction of the
stratification. For example, the force acts on both types of particles in
the substrate direction at all positions in the film because the total
normal stress continuously increases from the substrate to the interface
(Figure 3.5). In addition, the force on the large particle compared to the
small one 1s proportional to the cube of the size ratio. By these results,
the depletion of the large particles can be overestimated. By observing
the four components of the scaled force, we confirm that the LS
component of the scaled force significantly contributes to the depletion
of large particles near the interface. In addition, we demonstrate that the
trapping of the large particles at the interface i1s induced by the LS

component of the scaled force.[49] Thus, our scaled force analysis is
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more accurate to explain the mechanism of small—on—top stratification,

compared to the force model proposed by Fortini et al.
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4.4 Summary

In this chapter, the scaled local force applied to each type of particle is
derived by a decomposition of the local normal stress. The local force
field is computed for both large and small particles to explain the
different behaviors of the two types of particles. At high Pe., the scaled
force for the large particle is larger than 1 near the interface, indicating
that the large particles outrun the descending interface. However, for the
small particle, the scaled force near the interface is lower than 1 during
the drying process. Therefore, the large particles are depleted from the
interface and the small particles are accumulated at the interface, which
results in the small—on—top structure. Associating the volume fraction
profile with the scaled local force field, we suggest that the strong
scaled force for the large particle is attributed to the significant increase

of the average number of small particles in contact with the large ones.
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Chapter 5.

Concluding remark
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In this thesis, the evolution of the normal stress and microstructure in
the drying process of colloidal film has been studied by using the
Brownian dynamics simulation. The heterogeneous structures formed in
the drying of mono— and bi—disperse colloidal films are investigated.

In Chapter 2, the drying mechanism of monodisperse colloidal film is
analyzed according to Pe. When Pe > 1, the particles are accumulated at
the evaporating interface and the accumulation region grows. These
accumulated particles localize the normal stress at the interface, which
induces the continuous increase of the normal stress from the beginning
of the drying process. At the substrate, the normal stress first maintains
the initial value and then increases with the accumulation front touching
the substrate. The influence of the interface and substrate on stress
development has been quantified by the scaled normal stress difference
between the two boundaries. At all Pe discussed in this study (Pe = 6 —
60), the scaled normal stress difference increases to the maximum,
followed by the decrease in the final stage. As the Pe decreases, more
particles are affected by the interface at the same film thickness so that
the initial scaled normal stress difference is higher. Interestingly, a
mismatch is observed between the stress difference maximum and the
initial stress increase at the substrate. This mismatch is explained by
the contact number distribution of the particles. At the substrate, the
contact number distribution remains unchanged even though the
accumulation front reaches the substrate, and then increases as the
particle volume fraction further increases. The increase of contact

between the particles results in a significant increase of the normal
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stress, which leads to the decrease in the scaled normal stress
difference. In addition, the formation of the accumulation region
influences the final structure of the film. As the accumulation front
contacts the substrate at low film thickness, the disordered structure is
formed due to the limited time for particle rearrangement. So, the
structure formation at the substrate is more sensitive to Pe than that at
the interface.

In Chapter 3, the drying mechanism of bi—disperse colloidal film is
investigated according to Pe.. At low Per, the stratification does not occur,
and the layer dominated by the large particles is formed at the interface.
At high Pe., the large particles are depleted from the interface, and the
stratified layer of small particles is formed near the interface. In all Pe_
tested in this study, the particles are accumulated near the interface due
to evaporation dominance (Pe. > 1), and accumulated particles result in
the localization of the normal stress so that the normal stress at the
interface increases from the beginning of drying. At the substrate, the
normal stress maintains its initial value and then increases with the
accumulation region touching the substrate. The localization of the
normal stress is quantified by the scaled normal stress difference
between the interface and substrate. In all Pe., the scaled normal stress
difference increases with decreasing film thickness until the
accumulation region contacts the substrate. As the Pe_ increases, the
thickness of the accumulation region decreases at the same film
thickness, which leads to the lower scaled normal stress difference at

the initial stage of drying. The stress difference shows the distinct

115



evolution after the maximum. At low Pe., the difference remains at the
maximum; however, at high Pe, it decreases. The reasons for this stress
development are explained by the evolution of the contact number
distribution at the two boundaries. At low Pe., the large—large contact
number is higher at the interface, but the large—small contact number is
higher at the substrate. These two effects balance each other, resulting
in the constant stress difference after the maximum. At high Pe., the
large—large and large—small contact numbers are higher at the substrate,
leading to a decrease in the stress difference. Interestingly, for all Pe,
the scaled normal stress difference increases again at low film thickness
(H/Ho < 0.2). At low Pe., a continuing descent of the interface gives rise
to the compression of the particle structure, which results in the
localization of the stress at the interface. At high Pe,, a continuing
descent of the interface leads to a sharp increase in the contact between
the small particles as well as the arrangement of the small particles,
resulting in the localization of the stress at the interface.

In Chapter 4, the force acting on each type of particle is investigated in
the drying process of bi—disperse colloidal film. The scaled local force
applied to each species is derived by a decomposition of the local normal
stress. The local force field is computed for both large and small
particles to explain the different behaviors of the two types of particles.
At low Pe(, the scaled local force is almost O inside the film. At high Pey,
the scaled local force for the large particle is larger than 1 near the
interface, indicating that the large particles outrun the descending

interface. However, for the small particle, the scaled local force near the
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interface is lower than 1 during the drying process. Therefore, the large
particles are depleted from the interface and the small particles are
accumulated at the interface, which results in the small—on—top
structure. Associating the volume fraction profile with the scaled local
force field, we suggest that the strong scaled force for the large particle
1s attributed to the significant increase of the average number of small
particles in contact with the large ones.

This correlation of the particle distribution during drying with the
evolution of the normal stress and microstructure is believed to provide
insights into the drying process of the mono— and bi—disperse colloidal
films. In addition, scaled local force analysis proposed in this study has
significance in the examination of the drying mechanism of bi—disperse
colloidal films and, further, of the stratification mechanism.

Despite the progress in understanding the formation mechanism of
heterogeneous structure in drying of colloidal films, more simulation
research is still needed in this area. Specifically, the effect of solvent on
the drying mechanism needs thorough investigation with simulations.
The short—range HI and capillary force become important as drying
proceeds due to the increasing volume fraction of the film, however,
existing simulation studies do not take into account both effects. The
explicit solvent method that considers convective flow and long—range
HI could be further developed to consider short—range HI and capillary
force and applied to investigate the formation mechanism of
heterogeneous structure.[41, 46]

In addition, simulations could be extended to higher initial volume
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fractions of the particles where the short—range HI and capillary force
greatly influence the structure formation.[24] Also, they could be
extended to higher values of size ratio, [27] and to consider polydisperse
colloidal films, [86] sedimentation,[19] and non—spherical colloids.[76]
Furthermore, simulations could provide a deeper understanding of the
drying mechanism by analyzing the effect of shearing on the structure
formation and stress development, the structural heterogeneity in the
lateral direction, and the heterogeneous structure observed at the
interface due to the capillary force.[41, 47] In this regard, more

appropriate study needs to be achieved in the future.
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